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REGENERATIVE  BRAKING  OF  ELECTRIC  VEHICLES 


This  paper  discusses  the  problems  met  in  applying  regenerative 
control  to  electric  railways.  In  the  introductory  section 'the 
purposes,  advantages,  requirements  and  disadvantages  ol  regen- 
erative control  are  pointed  out,  and  then  the  author  takes  up  the  ,  ^ 
description  of  various  systems.  In  doing  this,  special  attention 
is  paid  to  those  systems  which  are  well  adapted  to  illustrate 
some  fundamental  principle,  and  to  those  which  are  of  some 
practical  importance.  Other  systems  are,  on  account  of  space  ' 
limitations,  mentioned  only  briefly,  or  entirely  omitted. 

The  three-phase  system  is  discussed  under  the  following  heads: 
regeneration  near  synchronous  and  above  synchronous  speeds; 
line  regulation;  practical  results  and  safety  of  operation;  influ- 
ence upon  power  factor;  regeneration  at  speeds  below  synchron- 
ism. 

The  phase  converter  system  is  next  taken  up,  with  a  considera- 
tion of  the  requirements  of  such  a  system,  and  practical  results 
attained. 

Direct-current  systems  of  regenerative  control  and  their 
problems  are  exhaustively  discussed,  under  the  following  heads: 
series,  shunt,  and  separately  excited  generator;  classification  and 
description  of  separately  excited  systems  with  generators  operat- 
ed by  line  voltage;  inherently  constant  excitation;  excitation 
varying  with  the  line  voltage;  excitation  varying  with  the  regen- 
erated current;  series-parallel  control;  capacity  of  exciter  and 
switches;  systems  with  variable  armature  voltage;  miscellaneous 
direct-current  systems;  transmission  system  and  substations. 

The  next  division  of  the  paper  deals  with  alternating-current 
commutator  motor  systems,  including  those  with  separately 
excited  generators,  armature  self-excited  generators,  excitation 
varying  with  the  regenerated  current,  and  stator  self  (load)- 
excited  generators,  and  the  subject  of  commutation  is  discussed. 

The  possibilities  of  regenerative  control  with  a  vapor  converter 
system  are  then  analyzed,  and  the  paper  ends  with  a  statement  of 
the  general  conclusions  reached. 


'HE  fact  that  a  motor  driving  an  electric  vehicle  may,  under 


<*•  certain  conditions,  be  converted  into  a  generator  and  that  it 
will  as  such  exert  a  braking  effect  upon  the  vehicle  instead  of 
propelling  it,  was  known  very  soon  after  the  electric  propulsion 
of  vehicles  was  introduced. 

This  braking  effect  may  be  utilized  under  two  conditions: 
first,  when  the  vehicle  is  going  down  hill,  for  the  purpose  of 
avoiding  undesirable  acceleration,  due  to  gravity,  and  conse- 
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quent  high  speeds;  second,  after  a  vehicle  has  reached  a  certain 
speed  and  it  is  desirable  to  reduce  this  speed  to  a  lower  speed 
or  to  standstill. 

The  electric  energy  generated  while  braking  the  vehicle  in 
this  manner  may  be  disposed  of  in  two  ways:  first,  it  may 
be  used  up  in  resistances  mounted  on  the  vehicle,  in  which  case 
it  is  customary  to  speak  of  dynamic  broking ;  second,  it  may  be 
returned  to  the  power  supply  §y&tem>  *n  which  case  it  is  cus- 
tomary to  speak  of  regenerative  braking.  A  combination  of 
the  two  cases  is,*  6£%course,  possible  and  may  be  found  advan- 
tageous in  feertkii  'applications.  Since  in  any  of  these  cases 
dynamic  fergliing  takes  place,  it  would  be  better  to  use  the  terms: 
>.  1 ;  Resistance  braking. 
:"2.  Regenerative  braking. 

3.  Combined  resistance  and  regenerative  braking. 

This  paper  deals  with  regenerative  braking  in  particular. 

Common  to  all  three  cases  of  electrodynamic  braking,  are 
the  following  advantages  over  purely  mechanical  braking: 

1.  Reduced  wear  of  mechanical  braking  devices,  which,  in 
the  case  of  electric  railways,  usually  results  in  reduced  main- 
tenance cost  for  wheels  and  brake  shoes. 

2.  Greater  ease  and  safety  in  handling  the  vehicle  during 
the  braking  period  under  certain  conditions,  which  results, 
especially  in  handling  heavy  freight  trains,  in  reduced  main- 
tenance of  couplings  and  other  parts  of  the  cars. 

3.  Higher  permissible  average  speed  in  descending  grades 
in  certain  applications.  The  braking  effect  with  air  brakes 
cannot  be  kept  constant,  so  that  speed  variations  will  result, 
when  going  down  grade.  Due  to  these  variations,  the  average 
speed  is  appreciably  below  the  maximum  safe  speed.  With 
electrodynamic  braking  without  the  assistance  of  air  brakes, 
much  closer  speed  control  is  possible,  so  that  the  average  speed 
can  be  held  much  closer  to  the  maximum  permissible  speed. 

4.  Increased  safety  by  elimination  or  at  least  reduction  of 
tire  heating  caused  by  brake  shoe  friction  and  resulting  in 
loose  tires  and  accidents. 

Regenerative  braking  has  the  further  marked  advantages 
namely: 

5.  Power  economy  which  amounts  in  many  cases  to  a  saving 
of  15  per  cent  or  more  in  the  total  power  consumption. 

6.  In  connection  with  subways  where  generation  of  heat  in 
the  tunnels  is  very  objectionable,  regeneration  is  very  advan- 
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tageous,  as  it  permits  the  elimination  of  an  appreciable  part 
of  the  heat  now  generated  by  the  mechanical  braking  system. 

It  may  safely  be  stated  that  wherever  it  seems  worth  while, 
the  above  advantages  may  be  secured  in  the  present  state  of 
the  art,  both  on  running  down  grades  and  during  retardation, 
with  any  of  the  systems  or  types  of  motors  which  are  now  used 
for  the  operation  of  electric  vehicles,  although  commercial  sys- 
tems have  been  developed,  up  to  the  present,  for  only  a  few 
cases. 

The  requirements  necessary  to  accomplish  these  results  are 
as  follows,  and  are  either  partly  or  in  their  entirety,  dependent 
upon  the  system,  service  conditions,  etc. 

1.  Increased  current  capacity  of  the  main  motors  and  such 
transforming  or  converting  apparatus  as  may  be  located  on  the 
vehicle  for  the  purpose  of  converting  power  for  the  main  motors. 
This  is  evident  because  the  braking  current  flowing  in  the 
motor,  etc.,  naturally  raises  the  r.  m.  s.  or  heating  currents. 
This  increase  may  be  appreciable  when  regeneration  is  used 
for  stopping  trains  in  local  passenger  traffic,  while  it  may  be 
rather  small  in  the  case  of  freight  locomotives  descehding 
grades. 

Increased  current  capacity  necessitates,  in  turn,  either  in- 
creased dimensions  of  all  apparatus  affected  thereby,  or  increased 
ventilation,  which  may  at  times  be  attained  by  increased  capac- 
ity of  existing  ventilating  equipments,  or  kby  introducing 
additional  ventilating  equipment.  Where  the  motors  are  not 
loaded  to  their  full  capacity  for  propelling  purposes,  these 
requirements  may,  of  course,  not  exist. 

2.  Adaptation  of  the  motor  bearings  and  other  mechanical 
parts  to  regenerative  operation,  where  necessary. 

3.  Additional  equipment  on  the  vehicle  for  the  purpose  of 
controlling  and  safeguarding  the  regenerative  operation  and  to 
give,  where  necessary,  the  desirable  regenerating  characteristic 
to  the  motors. 

4.  Additional  equipment  in  the  generating  or  transforming 
stations  for  the  purpose  of  controlling  the  operation  in  con- 
nection with  special  conditions  brought  about  by  regenerative 
braking. 

5.  Adjustment  of  the  system  wherever  necessary  due  to  the 
increased  tendency  towards  voltage  variation  introduced  by 
regenerative  braking. 

6.  Modification  of  train  dispatching  so  as  always  to  have 
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a  load  on  the  line  utilizing  the  regenerated  current,  in  ca 
where  maximum  economy  in  power  consumption  is  of  pri 
importance. 

The  fulfilment  of  these  requirements  as  far  as  they  exist 
the  various  systems  introduces  the  following  disadvantages 
some  importance,  which  have  to  be  compared  with  the  advanta 
previously  enumerated: 

1.  Increased  weight  of  vehicle  equipment,  necessitating,  sor 
times,  increased  weight  of  the  mechanical  vehicle  parts. 

2.  Increased  first  cost  of  vehicle  equipment,  necessitate 
sometimes,  increased  first  cost  of  the  vehicle  parts. 

3.  Increased  cost  of  maintenance  of  the  vehicle  equipme 

4.  Increased  complication,  and  consequent  reduced  reliabil: 
of  operation,  of  the  equipment.  This  will  under  certain  con 
tions,  of  course,  also  impair  the  safety  with  which  the  vehi 
may  be  operated. 

5.  Increased  complication  and  consequent  reduced  reliabili 
of  the  power  house,  substations  and  line  protecting  apparatt 
(While  some  additional  complication  may  be  required  in  t 
generating  and  transmitting  system,  due  to  the  addition  of  c< 
tain  controlling  apparatus,  the  weight  and  cost  of  the  same 
usually  so  low  that  it  is  of  no  practical  importance  and  usual 
more  than  outweighed  by  the  gains  made  in  the  reduction 
size  of  apparatus  made  possible  by  the  reduced  power  requii 
ments). 

6.  Increased  first  cost  for  copper  in  the  transmission  systei 
or  for  introduction  of  other  means,  to  compensate,  where  nec€ 
sary,  for  the  increased  tendency  towards  voltage  variatio 
whensoever  such  tendency  exists. 

The  relative  importance  of  the  various  advantages  and  di 
advantages  given  above  depends,  of  course,  to  a  large  extei 
upon  the  individual  system  applied  and  upon  service  condition 
It  is  evident,  for  instance,  that  the  importance  of  power  econoir 
depends  largely  upon  the  cost  of  power  as  part  of  the  tot 
operating  expense,  and  that  the  advantage  of  power  econoir 
may  be  entirely  eliminated  where  water  power  is  available  i 
abundance.  The  latter  condition  is,  of  course,  as  a  rule  on] 
temporary,  because  it  is  to  be  expected  in  practically  all  cas< 
that,  any  such  abundance  will  in  time  be  eliminated  by  an  ii 
creased  market  for  electric  power. 

While  the  disadvantages,  and  their  importance,  vary  ak 
in  each  case,  a  number  of  facts  apply  pretty  generally  to  a 
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systems,  and  under  most  service  conditions.  It  is  a  fact,  for 
instance,  that  most  of  the  disadvantages  enumerated  are  not 
of  very  great  practical  importance  in  most  cases  where  condi- 
tions are  such  that  the  saving  in  power  consumption,  made  pos- 
sible by  regeneration,  is  appreciable,  say  10  to  15  per  cent, 
or  more,  or  where  an  equivalent  saving  or  gain  is  brought  about 
in  the  maintenance  of  brake  shoes,  wheels,  increased  operating 
speeds,  or  the  like. 

The  increased  weight  of  the  vehicle  equipment  and  of  the 
vehicle  is  usually  disadvantageous  only  in  so  far  as  it  tends  to 
increase  the  power  consumption  during  acceleration  and  running. 
In  all  but  exceptional  cases,  this  increase  in  power  consumption 
is,  however,  smaller  than  the  saving  made  possible  by  regenera- 
tive control,  and  in  many  cases  it  amounts  to  only  a  very  small 
percentage  of  the  same.  Therefore,  the  increased  weight  does 
not  really  mean  a  disadvantage,  but  merely  reduces  the  advan- 
tage of  regenerative  braking  by  a  certain,  and  often  very  small, 
amount.  There  are,  of  course,  cases  of  locomotives  where  the 
maximum  permissible  weight  on  the  drivers  is  the  limiting 
feature  of  the  design,  and  any  increase  of  weight  may  be  quite 
a  handicap  in  such  cases. 

Similar  conditions  apply  to  the  increased  first  cost  of  the  vehicle 
equipment  and  the  interest  and  depreciation  charges  connected 
therewith.  The  latter  represent  again  in  many  cases  only  a 
very  small  percentage  of  the  saving  made  possible  by  regenera- 
tive control. 

In  some  cases  of  old  equipment  where  the  main  motors  can- 
not be  readily  increased  in  capacity  to  take  care  of  the  regenera- 
tion, or  where  the  mechanical  parts,  like  the  bearings,  do  not 
operate  properly  with  regeneration,  also  where  extensive  changes 
in  the  generating  and  transmission  system  are  necessary,  the 
first  cost  for  introducing  regeneration  may,  of  course,  make  the 
change  prohibitive. 

The  increased  cost  of  maintenance  is  in  connection  with  many 
of  the  systems  not  very  large,  and  of  no  practical  importance, 
as  it  represents  a  very  small  percentage  of  the  saving  in  power 
consumption  brought  about  with  regenerative  control. 

The  additional  complication  in  the  power  house  or  transmis- 
sion system  is  also  rather  small  and  usually  consists,  where  at 
all  necessary,  only  in  some  automatic  means  for  dissipating 
whatever  small  amount  of  energy  may  at  times  be  regenerated 
in  excess  of  the  energy  required  for  propelling  the  other  vehicles 
and  other  loads  on  the  system. 
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The  disadvantages  resulting  from  the  increased  tenc 
towards  voltage  variation  which  may  be  introduced  by  rege 
tion  depends  largely  upon  the  individual  case.  In  a  system  v 
a  large  number  of  individual  vehicles  is  operated  at  all  t 
as  in  surface  lines,  elevated  and  subway  lines  in  the  cent 
large  cities,  there  will  practically  always  be  a  large  demam 
the  regenerative  current  by  other  vehicles  and  the  result 
be  not  only  that  the  average  power  taken  from  the  power  h 
is  reduced,  but  also  that  the  maximum  demand,  and  wit 
the  maximum  voltage  drop  is  reduced.  In  such  cases  thei 
of  course,  no  disadvantage  on  this  score. 

On  the  other  hand,  there  are  certain  systems  where  so 
trains  or  vehicles  are  on  the  line  that  it  may  happen  tha 
the  time  of  maximum  demand  for  propelling,  none  of  the  veh 
is  regenerating  and  that,  consequently,  no  reduction  of  the  r 
imum  power  demand,  and  therefore,  no  reduction  of  maxir 
drop,  is  accomplished.  At  other  times  it  may  happen  tha 
a  certain  line  one  or  more  vehicles  are  heavily  regenera 
while  no  power,  or  only  a  small  amount  of  power,  is  b 
drawn  from  the  line.  In  such  a  case  the  voltage  drop 
of  course,  be  negative.  In  other  words,  there  is  a  voltage 
over  the  no-load  voltage,  bringing  about  an  increased  t 
voltage  variation. 

In  many  cases  such  an  increase  in  voltage  variation  is  oi 
practical  importance.  In  other  cases,  where  the  car  lighi 
system  is  dependent  upon  the  line  voltage,  or  where  the  n 
motors,  auxiliary  motors  or  generating  apparatus  are  se 
tive  to  voltage  rises,  the  increased  voltage  variation  may  reqi 
some  compensating  means.  In  cases  where  the  car  lighi 
system  is  affected,  it  may  be  found  desirable  to  make  it  in 
pendent  of  the  line  voltage  by  installing  special  car  light 
apparatus.  .  Usually,  however,  it  will  be  found  best  to  compens 
for  the  increased  tendency  towards  voltage  variation  b> 
slight  increase  in  line  copper,  etc.  In  certain  exceptional  ca 
this  might  prove  to  be  an  item  of  no  small  importance  agai 
the  introduction  of  regenerative  control,  on  account  of  fi 
cost.  Since  the  increased  line  capacity  tends,  however,  to  i 
prove  the  efficiency  of  the  system,  the  first  cost  may,  even 
such  cases,  be  largely  compensated  by  reduced  losses  in  the  1 
The  cases  in  which  the  considerations  of  line  regulation  are 
very  great  importance  are  rather  rare;  and  in  most  cases 
the  present  large  properties  which,  as  a  matter  of  course,  j 
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the  first  ones  to  consider  regenerative  control,  this  disadvantage 
either  will  not  exist  or  will  be  of  comparatively  little  importance. 

In  view  of  the  above,  and  in  view  of  the  fact  that  great  efforts 
have  been  made  to  reduce  power  consumption  by  other  means, 
like  reduction  of  equipment  and  car  weight,  field  control,  coast- 
ing clocks,  etc.,  it  is  rather  surprising  that  regenerative  control 
has  not  been  used  to  a  greater  extent  in  the  past.  The  only 
reason  for  this  could  be  that  the  increased  complication  and 
consequent  reduced  reliability  were  considered  as  a  sufficient 
disadvantage  to  outweigh  the  advantages.  As  long  as  the  var- 
ious types  of  controlling  and  protecting  apparatus,  as  well  as 
the  operating  characteristics  of  certain  motors  during  regenera- 
tion, had  not  been  developed  to  such  a  high  degree  of  reliability 
as  has  been  attained  in  many  of  the  up-to-date  apparatus  and 
systems,  this  was  undoubtedly  a  very  sound  and  sufficient 
reason.  With  the  present  advanced  state  and  knowledge  of  the 
art,  however,  this  condition  has  changed,  and  although  some 
difficulties  have  to  be  overcome  with  the  various  systems,  there 
is  no  doubt  but  that  the  requirements  for  reliability  and  safety 
can  be  successfully  met,  in  spite  of  some  additional  complication 
necessary,  to  a  larger  or  smaller  degree,  in  the  various  cases. 
For  this  reason  the  subject  of  regeneration  is  well  worth  serious 
consideration,  and  the  brief  outline  of  the  various  possible 
systems  given  in  this  paper  may  be  of  interest.  As  a  matter  of 
course,  the  development  along  these  lines  will,  in  the  future, 
as  in  the  past,  follow  the  path  of  least  resistance  and  the  systems 
requiring  the  least  complication  and  interfering  the  least  with 
the  reliability  of  equipment  for  propelling  purposes  will  be  intro- 
duced first. 

In  describing  the  various  systems  of  regenerative  braking, 
special  attention  has  been  paid  to  those  which  are  adapted  for 
demonstrating  some  fundamental  principle,  or  to  those  which 
are  especially  important  and  promising  with  regard  to  practical 
application;  many  other  systems  are  by  necessity  mentioned 
very  briefly,  or  entirely  omitted. . 

Three-Phase  System 
It  is  a  well-known  fact  that  any  induction  motor  if  driven 
by  mechanical  torque  above  synchronous  speed  will  be  converted 
into  a  generator  without  any  change  in  connections  and  without 
requiring  any  manipulation  of  the  master  controller.  In  other 
words,  a  vehicle  of  a  three-phase  system  when  going  down- 
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hill  will  automatically  give  regeneration  as  long  as  the  m 
are  connected  to  the  line,  whether  such  a  condition  is  de 
or  not — assuming,  of  course,  that  the  grade  is  steep  enouj 
accelerate  the  train  and  that  the  accelerating  tractive  eff ( 
not  used  up  by  the  mechanical  brakes  or  other  losses.  The  1 
practise  is  to  start  the  vehicle  in  the  normal  way  and  leav 
power  on,  when  going  down  grade;  but  even  if  the  powe: 
been  disconnected  and  regeneration  is  desired,  power  connec 
can  be  re-established  in  the  same  manner  as  when  the  m 
are  starting,  because  the  introduction  and  gradual  elimin 
of  the  rotor  rheostat  will  avoid  excessive  overloads  over 
ranges  of  speed  conditions.  Regeneration  in  this  case,  there 
does  not  introduce  any  complication  whatsoever  on  the  ve 
and  in  order  to  obtain  satisfactory  results,  it  is  only  nece: 
to  equip  the  vehicle  with  motors  and  transformer,  if  the  1 
be  used,  of  sufficient  capacity  to  take  care  of  the  regener; 
currents.  Wherever  there  is  danger  of  the  regenerative  p 
at  times  exceeding  the  power  demand,  resistance,  prefei 
of  the  water-resistance  type,  has  to  be  provided  in  the  p 
house,  with  some  automatic  means  to  connect  it  in  the  ci 
whenever  a  surplus  of  power  is  to  be  taken  care  of.  All  i 
nating-current  transmitting,  transforming  or  converting  s 
ratus  will  act  as  well  under  regenerative  conditions  as  other 
Only  in  case  of  rotating  converting  apparatus  being  use 
the  system,  possibly  in  the  form  of  frequency  changers,  a  ce 
amount  of  danger  is  introduced  by  the  possibility  of  such  ap] 
tus  over-speeding  when  the  main  power  supply  is  interm 
for  some  reason  or  other,  and  a  train  going  down-hill  furn 
power  to  the  converting  apparatus.  In  such  a  case,  the 
may,  of  course,  accelerate  and  increase  with  its  own  speec 
speed  of  the  converter.  This  condition  can,  however,  be 
easily  taken  care  of  by  over-speed  relays  on  the  converter 
same  as  is  now  being  done  for  similar  reasons  in  connection 
synchronous  converters  and  the  like. 

The  proper  balance  of  the  regenerative  load  between  the 
ferent  motors  of  a  vehicle  in  case  of  slight  variation  in  v 
diameter  can  be  taken  care  of  by  the  means  provided  foi 
same  purpose  during  motoring. 

Some  additional  slight  complications  may  be  introd 
whenever  in  some  exceptional  cases  a  locomotive  is  require 
part  of  its  regular  service  to  take  a  train  down-hill  with  tra« 
effort  in  excess  of  that  given  by  the  slipping  point  of  the  wl 
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of  the  locomotive.  .  In  such  cases  it  is  necessary  to  use  air  brakes 
in  the  train  and  to  work  them  in  conjunction  with  the  regen- 
eration of  the  engine.  Since  it  is  at  present  considered  very- 
difficult  or  almost  impossible  to  exert  a  uniform  torque  with 
the  air  brakes,  the  use  of  the  air  brakes  means,  as  previously 
mentioned,  a  necessity  for  varying  the  speed  of  the  train  about 
5  to  10  mi.  per  hr.  (about  8  to  16  km.  per  hr.)  while  descending 
a  grade.  In  order  to  enable  the  inherently  constant-speed 
induction  motor  to  follow  such  speed  variations,  while  at  the 
same  time  regenerating,  it  is  necessary  to  introduce  a  variable 
resistance  into  the  rotor  circuit  which  in  turn  permits  speed 
variations  from  synchronous  speed  to  speeds  about  5  to  10  mi. 
per  hr.  higher.  The  resistance  may,  in  this  case,  be  regulated 
either  automatically,  which,  of  course,  means  some  complica- 
tion, or  manually,  which,  in  turn,  would  require  a  certain  skill 
on  the  part  of  the  operator.  It  is  further  a  fact  in  this  case  that 
a  part  of  the  regenerated  energy  when  running  above  synchron- 
ous speed  cannot  be  returned  to  the  line,  but  has  to  be  dissi- 
pated in  a  resistance,  the  amount  of  this  energy,  in  per  cent  of 
the  available  mechanical  energy,  being  approximately  in  pro- 
portion to  the  actual  speed  obtained  minus  the  synchronous 
speed,  the  difference  to  be  divided  by  the  actual  speed.  While 
the  loss  of  energy  in  itself  may  not  be  of  great  importance, 
it  is  at  times  a  serious  problem  to  get  a  big  enough  rheostat  for 
successfully  dissipating  such  energy,  especially  since  the  neces- 
sity for  doing  so  usually  arises  only  in  connection  with  very 
heavy  railway  work.  In  order  to  demonstrate  the  possibilities 
of  regenerative  braking  with  speeds  varying  above  synchronism, 
Fig.  1  is  given,  showing  speed-torque  curves  of  a  typical  induc- 
tion motor  with  different  resistances  in  the  secondary;  Fig.  2 
also  gives  the  approximate  percentage  of  regenerated  power 
which  has  to  be  dissipated  and  wasted  in  resistances  on  the 
vehicle.  It  will  be  seen  that  all  curves  are  in  very  close  agree- 
ment with  curve  A,  which  is  plotted  in  accordance  with  the 
approximate  rule  given  above  for  the  losses. 

The  conditions  just  described  also  apply,  of  course,  if  opera- 
tion at  speeds  above  synchronous  speed  is  desirable  or  necessary 
for  any  other  reason.  It  may,  for  instance,  be  desirable  in  certain 
cases  to  take  light  loads  down-hill  at  over-synchronous  speed 
by  using  resistance  in  the  secondary;  the  only  limitation  in 
doing  this  is  the  limit  imposed  by  the  capacity  of  the  secondary 
rheostat,  and  the  limiting  safe  speeds  from  a  mechanical  point 
of  view. 
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The  increased  tendency  towards  voltage  variations  with  re 
eration  is  of  no  great  practical  importance  in  connection 
polyphase  systems,  because  all  parts  of  the  system  can  e 
stand  a  slight  voltage  increase  for  the  short  interval  of 
during  which  it  usually  exists.  As  previously  mentioned, 
higher  voltage  increases  the  torque  of  the  motors,  and,  there 
does  not  impair  the  reliability  of  service.  The  high  vol 
may  at  times  unfavorably  affect  the  power  factor  and 
losses  in  the  system,  but  in  so  far  as  it  only  exists  at  time 
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light  load,  this  is  of  no  great  consequence.  It  is,  moreover, 
be  considered  in  this  connection  that  with  the  high  line  volta 
possible  in  alternating-current  systems,  the  line  regulation  n 
be  kept  fairly  good  without  undue  amounts  of  copper  in 
system.  The  fact  that  regeneration  with  induction  motors  d 
not  decrease  the  wattless  currents,  but  rather  increases  the 
will,  to  a  large  extent,  eliminate  any  tendency  towards  increaj 
voltage  variations. 

The  great  ease  and  simplicity  with  which  regeneration  c 
be  obtained  under  most  conditions  with  polyphase  vehic 
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for  the  purpose  of  braking  down-hill  is  undoubtedly  the  reason 
why  such  regenerative  braking  was  introduced  practically  as 
soon  as  three-phase  power  was  used  for  railway  purposes.  The 
results  obtained  with  regenerative  braking  on  the  three-phase 
electrifications  in  Europe  for  the  last  12  to  16  years  have  been 
exceedingly  satisfactory  and  beneficial,  all  the  advantages  of 
reduced  wear  and  tear  of  mechanical  brakes  and  other  parts, 
of  economy  in  power  consumption,  and  increased  operating 
speeds  on  down  grades,  having  been  realized  to  a  large  extent. 
The  degree  of  safety  in  operating  a  vehicle  or,  especially, 
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heavy  trains  down-hill  with  regenerating  induction  motors  with 
short-circuited  secondaries  is  almost  perfect,  and  limited  only 
in  a  few  respects.  The  vehicle  speed  is  kept  practically  constant 
with  very  wide  ranges  of  load  and  an  interrruption  of  the  brak- 
ing tractive  effort  takes  place  only  in  case  the  power  supply  is 
interrupted,  or  possibly  if  some  of  the  main  driving  elements 
of  the  vehicle  are  seriously  damaged.  This  is  usually  at  once 
indicated  to  the  engineer  by  the  meters  in  front  of  him,  and  in  so 
far  as  the  regeneration  has  definitely  kept  the  vehicle  down  to 
safe  speeds  previous  to  the  loss  of  power,  or  the  like,  it  has  in 
practise  always  been  found  very  easy  to  get  the  train  or  the  vehicle 
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under  the  control  of  the  air  brakes  before  unsafe  speeds 
reached.  In  the  case  of  especially  steep  grades  or  other  se 
conditions,  it  is,  of  course,  quite  feasible  to  provide  auton 
means  for  putting  on  the  mechanical  brakes  in  case  of  emerge 
The  maximum  braking  torques  which  can  be  exerted  are  usi 
limited  only  by  the  slipping  point  of  the  wheels,  since  it  is 
rule  easily  possible  to  keep  the  pull-out  torque  of  the  mote 
safe  amount  above  this  point.  While  in  motoring  the  pull 
torque  may  be  reduced  by  excessive  voltage  drops,  heavy  re 
erative  braking  will  rather  tend  to  bring  about  a  rise  in  vol 
with  consequent  increase  in  the  maximum  braking  torque,  w 
is,  even  with  equal  voltage,  larger  than  the  motor  torque 
Fig.  1).  Slipping  of  the  wheels,  where  it  is  liable  to  occur, 
be  avoided  by  introducing  automatic  current-limiting  or  tor 
limiting  devices  which  prevent  an  increase  in  braking  toi 
above  the  slipping  point,  for  instance,  by  introducing  a  re 
ance  into  the  motor  secondary,  thereby  limiting  the  load. 

There  is  one  point  worth  mentioning  in  connection  y 
regenerating  induction  motors,  which  is  often  construed  t< 
a  disadvantage,  whereas  it  actually  is  not  a  disadvantage  at 
but  merely  reduces  the  advantage  which  may  be  secured  f 
regeneration.  A  system  with  regenerating  induction  mo 
is  liable  to  show  a  very  low  power  factor,  due  to  the  fact  1 
induction  motors  while  regenerating  actual  power  take  watl 
current  from  the  line,  unless  power  factor  compensating  m< 
are  used;  in  other  words,  they  increase  the  total  wattless  < 
rent  and  decrease  the  total  watt  current,  which  has,  of  cours 
bad  influence  on  the  power  factor.  It  should  not  be  forgot 
however,  in  this  connection,  that  the  term  "power  factor 
very  apt  to  be  misleading  in  a  case  like  this.  Even  if  we  assu 
for  instance,  that  the  increase  of  wattless  current  as  comps 
with  the  decrease  of  watt  current  is  such  that  the  total  cun 
remains  unchanged,  we  have,  of  course,  no  saving  in  r.  m 
current  drawn  from  the  line,  and  also,  a  very  much  lower  po 
factor.  Nevertheless,  we  have  reduced  the  actual  power  c 
sumption,  which  in  turn,  means  a  saving  in  the  coal  pile  of 
powerhouse.  Moreover,  it  is  a  fact  that  the  larger  systems  i 
ally  have  synchronous  converters,  phase  advancers,  or  ot 
means  for  taking  care  of  the  power  factor,  and  a  slight  increas 
this  apparatus  will  usually  take  care  of  the  additional  watt 
current  introduced  by  regeneration. 

While  the  three-phase  system  (and  its  closely  related  sin| 
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phase  system  with  phase  converters  on  the  locomotive)  is  un- 
doubtedly the  system  best  adapted  for  effecting  the  braking 
near  synchronous  speeds  on  down  grades  for  the  purpose  of 
avoiding  increased  speeds,  the  possibilities  for  reducing  the 
speed  of  a  vehicle  from  its  normal  operating  speed  by  regenera- 
tive braking  are  either  very  limited  in  scope  with  induction 
motors,  or  the  equipments  are,  at  present,  at  least,  so  cumbersome 
or  complicated  that  their  application  in  practise  does  not  seem 
to  be  very  likely  in  the  near  future. 

If  the  vehicle  is  arranged  so  that  two  or  more  economical 
operating  speeds  may  be  obtained  either  by  employing  two- 
speed  induction  motors  or  by  connecting  motors  in  cascade,  or 
both,  it  is  possible  to  effect  regenerative  braking  in  bringing 
the  vehicle  speed  from  the  higher  speeds  down  to  near  the  lowest 
synchronous  or  economical  operating  speeds.  This  can  be  accom- 
plished by  connecting  the  motors  for  one  of  the  lower  operating 
speeds  and  properly  manipulating  the  resistance  in  the  secondary. 
If  done  manually,  this  requires  a  certain  amount  of  skill  on  the 
part  of  the  operator,  and  if  done  automatically  it  means,  of 
course,  complication.  It  has  also  been  observed  that  under 
certain  conditions  such  operation  is  liable  to  cause  over- voltages 
in  the  motorsecondary.  For  these  reasons,  regenerative  braking 
has  not  been  utilized  to  a  very  great  extent  for  this  purpose. 

Regenerative  braking  with  induction  motors  over  a  wide 
range  of  speeds  and  down  to  zero  speed  may  be  accomplished 
by  applying  a  so-called  regulating  commutating  machine,  work- 
ing in  conjunction  with  the  secondary  of  the  induction  motor. 
Such  a  machine  is,  however,  with  the  present  known  systems, 
so  large,  and,  on  account  of  many  commutator  brushes,  subject 
to  such  high  maintenance  cost  that  its  use  would,  to  a  large 
extent,  counterbalance  the  additional  saving  made  possible 
by  braking  at  lower  speeds.  It  is,  however,  not  at  all  impossible 
that  as  the  art  advances,  developments  along  this  line  may 
make  regenerative  braking  below  synchronous  speed  feasible  in 
practise.  Whenever  this  is  the  case,  the  present  speed  limitations 
of  the  induction  motor  would  at  the  same  time  be  eliminated, 
or  minimized,  and  acceleration  without  rheostatic  losses,  with 
attendant  saving  in  power,  would  be  made  possible  at  the  same 
time. 

Phase  Converter  System 
The  conditions  prevailing  with  a  phase  converter  system 
employing  a  single-phase  line,  a  phase  converter  locomotive 
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and  induction  motors  for  propelling,  are,  with  regard  to  r< 
generative  braking,  practically  the  same  as  with  the  three-pha* 
system.  This  means  that  regenerative  braking  on  down  grad< 
can  be  accomplished  with  the  same  ease  and  safety  and  withot 
requiring  complications  of  any  practical  importance,  while  tr 
use  of  regeneration  for  retardation  is  at  present  either  limite 
in  scope  or  complicated. 

The  only  slight  differences  between  the  phase  converter  syi 
tern  and  the  polyphase  system  are: 

1.  The  system  employs  on  the  vehicle  a  rotary  convertin 
device,  which,  if  of  the  synchronous  type,  requires  for  its  pre 
tection  a  standard  over-speed  relay. 

2.  The  use  of  regenerative  control  introduces  an  increase 
tendency  towards  unbalancing  of  the  three  phases  of  the  convei 
ter  system,  and  may  require  a  small  extension  of  the  balancin 
devices — that  is,  possibly  an  extra  position  of  the  balancin 
control  lever  and  one  or  two  extra  switches.  The  safety  of  opera 
tion  is,  however,  in  no  way  impaired  by  this  because,  even  : 
the  balancing  switch  is  not  operated  correctly,  the  motors  wi 
perform  properly  and  the  only  result  will  be  an  increase  in  mote 
heating. 

3.  Since  the  vehicle,  if  equipped  with  a  synchronous  phas 
converter,  going  down  grade  represents  in  itself  an  independen 
generator  station,  this  must  be  taken  into  account  when  layin 
out  the  overload  and  short-circuit  protection  of  the  system 

In  view  of  the  simplicity  of  the  system,  it  was  only  natural  tha 
regenerative  control  was  utilized  as  soon  as  the  phase  convert 
system  was  applied  in  practise;  in  fact,  the  ease  with  which  regen 
eration  can  be  used  in  combination  with  a  converter  system  was  on 
of  the  factors  in  favor  of  the  adoption  of  this  system  for  the  Nor 
folk  and  Western  Railway.  The  practical  value  to  the  railway 
company  of  the  regenerative  characteristic  in  operating  thi 
mountain  grade  is  far  beyond  expectations  and  has  been  a  sur 
prise  to  the  railway  operators.  The  economies  accomplishec 
in  power  consumption,  reduced  wear  of  tires  and  brake  shoes 
etc.,  are  very  appreciable,  and  not  only  can  the  trains  be  handle( 
much  more  easily  and  at  higher  average  speeds  down  grade  thai 
with  air  brakes,  but  also  the  reliability  of  .the  system  as  a  whol< 
has  been  greatly  improved  by  the  regenerative  feature. 

Direct-Current  System 
|  The  present-day  direct-current  railway  motor  lends  itseL 

j  less  readily  to  regeneration  than  the  polyphase  induction  motor 

i 
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The  series  motor,  which  has  generally  been  introduced  in  rail- 
way work  on  account  of  its  superiority  for  propelling  purposes" 
over  other  types  of  direct -current  motors,  cannot  as  such  be 
readily  used  as  a  generator  under  railway  conditions.  While 
it  is  true  that  a  series  motor  can  be  made  to  act  as  a  generator, 
if  its  fields  are  reversed,  it  is  very  unstable.  In-order  to  make 
a  series  motor  regenerate,  it  would  first  have  to  be  connected 
across  a  resistance  to  make  it  pick  up  and  after  its  voltage  has 
reached  a  value  higher  than  the  line  voltage,  it  could  be  con- 
nected to  the  line  and  made  to  furnish  regenerated  current. 
Assuming,  however,  that  the  line  voltage  suddenly  drops,  as  is 
common  in  railway  practise,  the  regenerated  current  would,  of 
course,  increase;  this,  in  turn,  would  increase  the  field  strength, 
which  would  again  tend  to  increase  the  regenerated  current. 
This  cumulative  effect  would  quickly  and  frequently  lead  to 
excessive  overloads  en  the  entire  equipment.  Assuming,  on 
the  other  hand,  that  the  line  voltage  suddenly  rises  after  the 
motor  has  started  to  regenerate,  this  will  bring  about  a  decrease 
in  regenerated  current.  This,  in  turn,  decreases  the  field  excita- 
tion and  produces  consequent  further  decrease  in  current  down 
to  zero;  further,  since  the  field  and  counter- voltage  would  be 
zero  with  zero  current,  excessive  currents  in  the  opposite 
direction  would  build  up,  which  are  liable  to  exceed  the  most 
severe  short  circuits,  because  after  the  current  once  reverses, 
the  motor  sets  up  a  field  and  a  voltage  adding  to  that  of  the  line. 
The  processes  just  described  happen  so  quickly,  on  account  of 
their  accumulative  nature,  that  it  is  practically  impossible  to 
build  relays  or.  other  safeguarding  devices  which  act  rapidly 
enough  to  be  effective. 

In  order  to  effect  regenerative  control  with  direct  current  it 
is,  therefore,  necessary  either  to  apply  altogether  straight  vehicle 
shunt  or  compound  motors,  which  would  mean  giving  up  many 
of  the  essential  advantages  of  the  direct-current  series  motors  for 
railway  purposes,  or  to  convert  the  series  motor  temporarily  into 
a  machine  of  different  characteristics  while  regenerating. 

Since  the  field  coils  of  a  series  motor  are  wound  with  only  a 
few  heavy  turns,  they  cannot  very  readily  be  connected  as  shunt 
coils  across  the  line  voltage,  and  it  would  be  necessary,  in  order 
to  obtain  shunt  excitation,  to  connect  considerable  resistance  in 
series  with  the  field.  This  resistance  would  consume  a  very 
large  part  of  the  regenerated  energy,  with  little  or  no  consequent 
saving  in  energy.   These  conditions  can  be  somewhat  improved 
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where  several  motors  are  available  by  connecting  all  3 
fields  in  series  and  the  armatures  in  parallel,  but  even  then 
a  relatively  small  part  of  the  regenerated  energy  remains 
sent  into  the  line.  Such  a  system  will,  therefore,  only  be  af 
in  exceptional  cases  where  power  consumption  is  of  relat 
small  importance  and  the  principal  purpose  is  to  effect  elc 
dynamic  braking  with  the  least  amount  of  complication 
order  to  secure  advantages  other  than  power  economy. 

A  system  of  that  kind  is  quite  safe  and  reliable  in  opera 
A  sudden  change  in  line  voltage  will  tend  to  change  the  reg< 
ated  current,  but  such  a  change  is  counterbalanced  by  the 
that  the  excitation  changes  at  the  same  time  and  causes  a  ch 
in  the  counter  e.  m.  f.  which  reduces  the  change  in  regener 
current.  This  process  is  fairly  quick-acting  because  the  1 
element  of  the  field  current  is  rather  small  on  account  of  the  L 
amount  of  resistance  connected  in  series  with  inductance  of 
field.  Excessive  regenerated  currents  are  thereby  avoi 
automatically.  Only  when  the  motors  are  highly  saturated 
increase  of  field  strength  is,  of  course,  not  possible,  and  lai 
regenerative  currents  may  then  occur.  In  view  of  the  sn 
field  of  practical  application  for  this  system,  a  detail  discuss 
of  it  may  be  omitted. 

Since  generators  of  the  straight  series,  shunt  or  compot 
type  cannot  be  readily  made  out  of  the  standard  up-to-d 
railway  motor  and  used  to  good  advantage,  motors  with  separ; 
excitation  are  the  next  and  most  promising  possibility  for  si 
cessful  regeneration,  although  the  addition  of  a  separate  souj 
of  current  for  the  excitation  introduces  an  undesirable  comp 
cation. 

The  various  connections,  methods  of  excitation  and  con* 
quent  characteristics  of  the  generators  which  are  possible 
connection  with  separate  excitation  are  very  numerous.  Ther 
fore  only  a  few  typical  cases  can  be  described  in  this  papc 
Before  doing  this,  some  of  the  more  important  problems  to  1 
met  in  connection  with  the  separate  exciter  method  of  regener; 
tion  may  be  discussed. 

First.  One  of  the  principal  conditions  to  be  met  in  connectio 
with  direct-current  generation  is,  as  previously  intimated,  to  avoi 
excessive  armature  currents,  especially  at  higher  speeds.  Whil 
with  any  type  of  motor  excessive  overloads  are  undesirabl 
for  any  length  of  time,  it  is  a  fact  that  overloads  of  short  duratioi 
are  not  so  very  dangerous  in  connection  with  induction  motors 
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for  instance,  because  the  mechanical  parts  of  freight  locomotives 
on  which  induction  motors  are  being  used  are  in  most  cases 
designed  to  stand  stresses  up  to  the  slipping  point  of  the  wheel 
and  the  wheel  slippage  acts  as  a  mechanical  fuse  against  much 
higher  stresses;  on  the  other  hand,  overloads  of  very  short  dura- 
tion are  not  very  serious  from  a  heating  point  of  view.  With 
direct-current  motors  running  as  generators,  high  armature 
currents,  even  though  of  very  short  duration,  introduce  an  addi- 
tional difficulty  because  they  are  liable  to  lead  to  flashing  of 
the  motors.  It  is  a  well-known  fact  that  flashing  of  motors 
is  caused  by  high  voltages  between  the  commutator  segments. 
The  voltage  between  segments,  in  turn,  depends  upon  a  great 
many  details  of  design,  but  the  maximum  voltage  is  largely 
determined  by  the  armature  distortion.  With  a  series  motor, 
in  which  the  field  strength  and  the  armature  current  are  always 
proportional  to  each  other,  the  armature  distortion  as  a  rule 
does  not  increase,  under  normal  conditions  of  operation,  with 
increased  load,  and  has  often  even  a  tendency  to  decrease  with 
heavy  loads,  on  account  of  saturation.  With  a  separately  excited 
generator,  conditions  are  altogether  different.  When  running 
at  very  high  speeds  with  a  fixed  motor  voltage,  for  instance, 
the  field  strength  must  l)e,  by  necessity,  very  low.  This  is  evi- 
dent because  the  voltage  induced  must  be  about  the  same  as  the 
impressed  voltage,  and  since  the  induced  voltage  is  the  product 
of  speed  and  field  strength,  high  speed  means,  necessarily,  low 
field  strength. 

Since,  on  the  other  hand,  the  braking  torque  which  the  genera- 
tor can  exert  is  proportional  to  the  product  of  armature  current 
and  field  strength,  it  is  evident  that  at  high  speeds  and  conse- 
quent weak  field,  relatively  large  armature  currents  are  required 
in  order  to  exert  an  appreciable  braking  torque  under  normal 
operating  conditions.  This  will  in  itself  tend  to  increase  the 
armature  field  distortion  materially.  This  latter  condition  is, 
of  course,  only  brought  about  by  the  fact  that  the  present-day 
requirements  for  retardation  are  more  exacting  than  for  motoring. 
During  motoring  it  is  customary  to  have  a  certain  maximum 
rate  of  acceleration  until  the  motor  curve  is  reached  and  to  toler- 
ate thereafter  a  decreasing  rate  of  acceleration  which  is  naturally 
obtained  while  the  motor  field,  and  with  it  the  armature  current, 
decreases  and  while  the  speed  increases.  In  certain  cases,  it 
may  be  quite  possible  to  follow  the  reverse  process  during  braking, 
that  is,  start  in  with  small  field  current  and  smaller  armature 
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current  and  consequent  slow  rate  of  retardation,  and  in< 
all  the  values  while  the  speed  decreases.  Insofar,  ho\* 
as  the  mechanical  brakes  used  at  present  are  able  to  exer 
maximum  permissible  braking  torque  at  the  higher  sp 
which,  in  turn,  permits  higher  schedule  speeds  with  the 
maximum  speeds,  regenerative  braking  will  not  be  abl 
compete  unless  at  least  similar  conditions  can  be  obta 
Therefore,  it  will  be  necessary  in  most  cases  to  work  with 
tively  large  armature  current,  unless  provision  is  made  to  ch 
the  motor  voltage  during  regeneration,  thereby  permitting 
use  of  stronger  fields  at  high  speeds.  This  solution  of  the  pro 
could  be  accomplished  in  two  ways:  first,  the  regenen 
voltage  could  be  raised  above  the  line  voltage  by  some  m 
or  other,  as  will  be  discussed  later  on  and  shown  to  be  ra 
undesirable;  second,  arrangements  could  be  made  to  keep 
voltage  during  motoring  below  the  line  voltage  and  regeneral 
full  line  voltage.  This  could  be  accomplished  by  designing 
motors  to  stand  full  line  voltage  but  to  operate,  while  motoi 
with  two  motors  connected  in  series,  with  one-half  the  vol 
in  each  motor.  Under  special  conditions  with  special  m< 
designs,  such  a  solution  may  be  quite  feasible.  As  a  rule 
would  be  more  desirable,  however,  to  use  standard  mo 
even  though  this  means  the  use  of  heavy  armature  curn 
for  high  speeds,  and  with  it,  large  field  distortion.  It  is  fortur 
in  this  connection  that  this  undesirable  feature  and  its  coi 
quent  danger  are  to  a  large  extent  eliminated  by  the  fact  t 
when  regenerating,  the  distortions  are  such  that  the  higl 
voltages  between  segments  occur  at  a  point  a  considera 
distance  away  from  the  toe  of  the  brushes,  so  that  an  arc  is  : 
as  liable  to  be  drawn  over  from  the  brush  as  would  be  the  c 
if  the  highest  voltages  were  near  the  toe  of  the  brush  under  oth 
wise  equal  conditions.  It  is,  therefore,  permissible  to  w( 
with  considerably  higher  maximum  voltages  and,  therefo 
greater  distortion  when  regenerating.  Practical  conditions  < 
nevertheless  such  that,  in  view  of  the  high  field  distortic 
necessary  for  normal  operation,  further  increases  on  account 
sudden  rises  of  regenerative  currents  in  the  armature  are  ve 
liable  to  lead  to  flashing. 

There  are  two  principal  causes  for  sudden  increases  of  regener 
ted  current. 

(a)  The  first  of  them  is  the  taking  of  steps  in  the  contn 
If,  for  instance,  the  field  excitation  should  be  suddenly  rais< 
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by  a  large  amount,  the  regenerated  currents  would  take  undue 
proportions.  This,  of  course,  can  be  avoided  by  making  the 
control  steps  small  enough  by  providing  a  sufficiently  large  num- 
ber of  them.  In  order  to  avoid  the  expense  and  complication 
incident  to  a  large  number  of  steps,  it  is  desirable  to  have  a 
regenerative  machine  characteristic  which  avoids  large  changes 
of  regenerative  current  even  though  the  number  of  steps  is  small. 

(b)  The  second  and  much  more  important  cause  of  sudden 
changes  in  regenerative  current  is  as  previously  pointed  out  in 
connection  with  the  discussion  of  the  series  generator,  sudden 
changes  in  the  line  voltage.  While  it  is  not  altogether  impossible 
to  prevent  sudden  increases  of  load  due  to  this  cause  by  having 
quick  acting  relays,  causing  changes  in  the  excitation  of  the 
generators  to  take  care  of  the  changed  conditions,  it  is  at  least 
very  difficult  with  some  systems  to  get  such  relay  devices  and 
switching  operations  quick  and  reliable  enough  to  avoid  flash- 
ing. For  this  reason,  it  is  very  desirable,  and  for  a  reliable  % 
system  even  necessary,  to  have  such  regenerative  characteristics 
as  inherently  to  avoid  excessive  armature  currents.  In  this 
connection  it  is  not  only  necessary  to  have  such  an  inherent 
characteristic,  but  it  is  also  important  that  the  time  element 
for  effecting  changes  in  the  generator  conditions  be  exceedingly 
small. 

Second.  Another  feature  to  be  considered  in  connection  with 
regenerative  control  is  the  ease  with  which  the  motor  can  be 
connected  to  the  line  after  it  has  been  disconnected  and  when 
regenerative  control  is  desirable.  In  order  to  make  such  connec- 
tions with  some  types  of  separately  excited  motors,  it  is  neces- 
sary to  have  the  regenerative  voltage  about  equal  to  the  line 
voltage  before  such  connection  can  be  made.  As  a  matter  of 
course,  it  is  impossible  to  follow,  in  operating  a  vehicle,  the 
power  house  practise  of  balancing  the  voltages  by  means  of  a 
voltmeter  before  connecting  the  generators  to  the  line.  There- 
fore, automatic  means  have  to  be  provided  for  this  purpose. 
Such  automatic  means,  in  turn,  require  relays  which  have  to 
be  very  exact  unless  the  system  used  is  inherently  such  as  not 
to  require  a  very  careful  balancing  of  the  voltages  before  the 
connections  are  made.  This  point  is  quite  important  in  the 
choice  of  the  proper  system. 

Third.  Another  point  of  importance  in  connection  with  re- 
generation is  that  the  regenerative  load  be  properly  distributed 
among?  ^e  various  motors  of  the  vehicle.    It  is  evident,  for 
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instance,  that  a  slight  difference  in  the  air  gap  of  the  mi 
or  a  difference  in  the  wheel  diameters  will  cause  a  very  un 
distribution  of  load  if  the  armatures  of  several  motors 
to  be  simply  connected  in  parallel.  A  good  system  of  regei 
tion,  therefore,  has  to  have  means  of  balancing  the  load  f 
well  between  the  various  motors  under  practical  condit 
While  such  balancing  may  of  course  be  effected  by  relays  w 
operate  regulating  switching  devices,  it  is  again  preferabl 
have  a  system  in  which  the  load  balancing  effect  is,  at  '. 
to  some  extent,  inherently  given  by  the  generator  characteris 
Fourth,  Another  condition  to  be  fulfilled  is  that  the  bra 
effect  of  the  vehicle  shall  not  materially  decrease  with  incre 
vehicle  speed,  or  materially  increase  with  decreased  speed 
least  not  so  suddenly  that  the  relays  of  the  automatic  con 
or  the  operator  in  case  of  manual  control,  cannot  follow  s 
changes  quickly  enough.  Sudden  large  changes  of  braking  toi 
*  should  also  be  avoided  in  case  of  changes  in  the  line  vol 
conditions. 

Let  us  assume,  for  instance,  that  the  speed  of  a  train  is  t 
reduced  by  regeneration,  and  a  certain  maximum  permiss 
braking  torque  has  been  established.  If  it  happens  in  this  < 
that  the  braking  torque  suddenly  increases,  either  on  accc 
of  changed  line  conditions  or  the  generator  having  a  charac 
istic  so  that  the  torque  increases  while  the  speed  decrea 
this  will  lead  either  to  slippage  of  the  wheels  or  to  an  u,n 
rate  of  retardation  resulting  in  bumping  of  cars,  inconvenie 
to  passengers,  etc.,  all  of  which  should  be  avoided. 

Another  case  to  be  considered  in  this  connection  is  that  c 
heavy  train  going  down-hill.  Let  us  assume  that  such  a  ti 
gets  on  a  steeper  grade  and  consequently  speeds  up  to  sc 
extent.  If  in  this  case  the  generator  characteristics  should 
such  as  to  give  a  decreased  torque  with  increased  speed, 
train  speed  may  increase  unduly  on  account  of  the  combii 
effect  of  the  increased  grade  and  the  decreased  torque  bef 
the  engineer  has  a  chance  to  readjust  the  control  or  the  air  bral 
or  both. 

Unfortunately,  the  condition  that  the  braking  torque  sho 
preferably  decrease  with  decreased  speed,  and  vice  versa,  a 
not  be  combined  with  a  machine  characteristic  best  suited 
avoid  armature  distortion  and  motor  fashing. 

The  ideal  characteristic  for  avoiding  motor  flashing  is  c 
with  which  the  ratio  of  armature  ampere-turns  to  the  fa 
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ampere-turns  remains  constant  with  changes  in  speed.  Such 
a  characteristic  can  be  approached  in  practise,  as  will  be  shown 
later  on,  and  is  represented  by  curve  A  in  Fig.  3a.  It  will  be 
seen  that  this  curve  is  shown  as  a  straight  vertical  line  down  to 
a  certain  point. 

The  armature  current  curve  corresponding  to  curve  A  is 
shown  by  curve  B.  It  will  be  seen  that  the  upper  part  of  this 
curve  shows  a  rapidly  decreasing  armature  current  with  increased 
speed.  This  is  due  to  the  fact  that,  as  previously  pointed  out, 
the  field  strength  has  to  decrease  with  increased  speed,  which 
in  turn  means  that  the  field  ampere-turns  have  to  be  decreased. 
With  our  present  assumption,  this  means  that  the  armature 
current  must  also  decrease  with  increased  speed. 

Curve  C  shows  the  torque  obtained  under  the  same  conditions. 
Since  the  torque  is  the  product  of  field  strength  and  armature 
current,  both  of  which  decrease  with  the  speed  in  the  present 
case,  it  is  evident  that  this  curve  must  decrease  very  rapidly 
with  increased  speed,  except  on  the  part  of  it  which  is  turned 
around  by  the  effect  of  saturation.  Fig.  3a  demonstrates  very 
plainly  that  the  characteristic  which  is  ideal  for  flashing  condi- 
tions is  highly  undesirable,  for  the  reasons  previously  pointed  out, 
in  connection  with  the  most  desirable  torque  characteristics. 

The  next  best  possible  characteristic  for  flashing  which  might 
be  considered  is  one  with  which  the  armature  current  remains 
practically  constant  over  a  wide  range  of  speed,  as  shown  by 
curve  B  in  Fig.  3b.  Curve  A  in  the  same  figure  shows  the  corres- 
ponding curve  for  the  ratio  of  armature  turns  to  field  ampere- 
turns. 

Curve  C  shows  the  corresponding  torque  curve,  which  still 
shows  a  considerable  tendency  for  decreased  torque  with  in- 
creased speed.  It  is  evident  that  such  tendency  must  exist 
since,  as  we  know,  the  field  strength  must  decrease  with  in- 
creased speed,  which,  with  constant  armature  current,  means 
also  decreased  torque. 

The  extreme  opposite  to  the  characteristic  assumed  in  Fig.  3a 
is  shown  by  Fig.  3c.  The  torque  curve  C  shows  a  very  rapid 
increase  of  torque  with  increased  speed.  Such  a  torque  curve 
affords  maximum  safety  for  the  vehicle  when  going  down-hill, 
because  any  tendency  towards  increased  speed  will  be  counter- 
acted by  a  rapidly  increasing  braking  torque.  For  retardation 
of  the  vehicle,  such  a  curve  would,  of  course,  require  a  very 
large  number  of  small  steps  in  the  control  in  order  to  avoid 
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excessive  variations  in  the  braking  torque  when  going  from 
step  to  another. 

Curve  B  shows  the  corresponding  armature  current  curve 
curve  A  the  corresponding  curve  for  the  ratio  of  ampere-turns, 
will  be  seen  that  the  latter  curve  shows  an  excessive  incr 
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A  -  Ratio  of  Armature  to  Field  Current 
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with  increased  speed  and  is  very  undesirable  with  regard  tc 
flashing. 

The  natural  conclusion  to  be  drawn  from  the  previous  figures 
is  that  in  practise  a  compromise  between  these  extremes  is  the 
only  workable  solution.    Fig.  3d  shows  characteristics  for  the 


19171  HELLMUND:  REGENERATIVE  BRAKING  23 


ratio  of  ampere-turns,  current  and  torque  which  will  be  suitable 
for  the  average  conditions  in  practise.  The  steepness  of  the 
current  curve  will,  of  course,  vary,  depending  upon  the  service 
conditions,  the  inherent  sensitiveness  of  the  motor  to  flashing 
and  a  number  of  other  considerations.  As  a  rule  it  will  be  desir- 
able to  have  the  curve  somewhat  steeper  for  the  higher  speed 
notches  than  for  the  lower  speed  notches.   It  has  been  pointed 
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out  before,  that  in  order  to  obtain  an  appreciable  torque  with 
the  weak  field  necessary  for  the  higher  speeds,  large  armature 
currents  and  high  ratios  of  armature  to  field  ampere-turns  are 
necessary;  therefore,  it  is  in  this  case  especially  desirable  to  have 
a  steep  current  curve,  avoiding  further  increase  of  armature 
current.  With  low  speeds,  on  the  other  hand,  we  have,  by  ne- 
cessity, strong  fields  and  weak  armature  currents  for  similar 
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torques,  and,  therefore,  a  favorable  ratio  of  armature  to 
ampere-turns.  A  certain  increase  of  armature  current  is,  th 
fore,  permissible  and  a  rather  flat  current  curve  may 
chosen. 

While  the  curves  of  Fig.  3  show  the  characteristics  with  re£ 
to  the  speed,  it  will  be  found  that  the  same  conclusions  wil 
reached  if  current  changes  caused  by  fluctuations  in  line  volt 
are  taken  into  consideration.  The  requirements  for  a  satisf act 
speed-torque  curve  will  also  in  these  cases  limit  the  us< 
the  most  desirable  characteristic  for  avoiding  overloads  i 
flashing. 

A  characteristic  showing  gradually  decreasing  torque  \* 
decreasing  speed  should  also  prove  to  be  rather  advantage 
where  it  is  necessary  in  the  case  of  exceptionally  heavy  train* 
operate  air  brakes  in  conjunction  with  the  regenerative  braki 
If,  for  instance,  the  air  brakes  are  put  on  rather  heavily,  ' 
train  speed  will  decrease  because  the  air  brakes  are  exert 
a  heavy  retarding  force.  If  the  motor  characteristic  is  such 
to  give  a  decreased  torque  at  the  same  time,  the  total  incre; 
of  torque  is  counteracted  and  further  decrease  in  speed  v 
be  prevented.  The  opposite  action  will  take  place  and  it  is  ev 
more  important  when  the  air  brakes  release  a  certain  amoui 
If  the  vehicle  speeds  up  in  this  case,  the  inherently  increasi 
regenerative  torque  will  prevent  further  increases  of  spee 
It  is  evident,  therefore,  that  a  compound  characteristic,  as  p] 
viously  discussed  in  the  case  of  the  main  generators,  will  pern 
operation  at  a  more  uniform  speed,  even  when  using  regenerati 
braking  in  conjunction  with  the  air  brakes,  than  would  be  possit 
with  air  brakes  alone. 

Fifth.  Still  another  point  to  be  considered  in  connection  wi 
the  various  systems  is  the  danger  of  over-voltages  on  the  moto 
in  case  the  power  supply  should  be  interrupted  for  some  reasc 
or  other.  The  natural  tendency  with  most  systems  fulfillir 
the  previous  requirements  is,  in  case  of  power  interruption,  f< 
the  voltage  of  the  generators,  being  no  longer  limited  by  the  lir 
voltage,  to  rise  until  saturation  is  reached. 

Since  railway  motors  when  operating  at  high  speeds  as  genen 
tors  are  always  far  from  being  saturated,  it  is  quite  possible  t 
obtain  voltage  rises  of  two  or  three  times  normal  voltage.  ] 
is  evident  that  such  over-voltages  are  likely  to  lead  to  flashin 
and  even  insulation  breakdowns.  While  these  over-voltage 
can,  of  course,  be  taken  care  of  by  relays  causing  an  interruptio: 
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of  circuits  or  the  like,  the  inherent  characteristics  of  the  system 
should  be  such  as  to  introduce  a  time  element  sufficient  to  allow 
over-voltage  relays  to  act  before  the  over-voltage  becomes 
excessive  and  dangerous. 

Unfortunately,  it  is- also  a  fact  that  those  systems  which  are 
the  quickest  to  act  in  avoiding  excessive  armature  currents 
are  usually  the  ones  which  are  most  liable  to  set  up  over-voltages 
quickly  in  case  of  power  interruption  when  running  at  high 
speeds.  It  is,  therefore,  again  necessary  to  strike  the  best  compro- 
mise. 

Sixth.  It  is  finally  necessary  in  connection  with  regenerative 
control  to  pay  much  attention  to  the  proper  characteristics  of 
the  auxiliary  exciting  apparatus,  in  order  to  have  the  system 
free  from  troubles.  The  principal  danger  in  this  connection  is 
that  the  auxiliary  exciter  set,  especially  the  driving  part,  is 
subject  to  flash-overs  unless  proper  precautions  are  taken  in 
that  direction. 

With  these  considerations  in  mind,  we  may  now  discuss 
the  principal  possible  characteristics  of  the  source  used  for  the 
separate  excitation  and  the  consequent  characteristics  of  the 
main  generators.  When  referring  in  this  connection  to  the  char- 
acteristic of  the  source  of  excitation,  etc.,  the  inherent  character- 
istic is  meant,  it  being  assumed  in  all  cases  that  variations  of 
excitation  can  be,  and  are,  accomplished  by  changes  in  the  cir- 
cuit connections,  changing  of  resistances,  etc.  The  following 
cases  for  the  main  field  exciting  voltage  may  be  considered: 

1.  The  excitation  is  of  practically  constant  voltage. 

2.  The  excitation  voltage  varies  with  the  line  voltage,  either 
in  direct  proportion  or  in  some  other  ratio. 

3.  The  excitation  voltage  decreases  with  an  increase  of  re- 
generative load. 

4.  The  excitation  voltage  changes  with  both  the  line  voltage 
and  the  regenerative  load.  A  number  of  different  combinations 
are,  of  course,  possible. 

The  undesirability  of  an  increase  of  field  excitation  with 
increased  regenerative  current  has  been  pointed  out  in  connection 
with  the  series  generator.  An  inherent  increase  of  excitation 
voltage  with  decreased  line  voltage  is  undesirable,  because  a 
decreasing  line  voltage  inherently  means  increased  regenerative 
load  and  this  load  would  of  course  be  further  increased,  were 
the  excitation  raised  at  the  same  time. 
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Symbols  Used  in  Connection  Diagrams 


A,  A i,  At 

Main  machine  armature  or  armatures. 

B 

Booster  armature. 

C 

Control  contacts. 

D 

Relay. 

E 

Source  of  field  exciting  current. 

F,  F\,  Ft 

Main  machine  field  or  fields. 

G 

Ground  connection. 

H 

Field  winding  of  exciter  armature. 

I 

Inductance. 

J 

Differential  field  winding  on  exciter  machine. 

K 

Differential  field  winding  on  motor  driving  e: 

machine. 

L 

Field  winding  of  motor  driving  exciter  machi: 

M 

Armature  of  motor  driving  exciter  machine. 

N 

Armature  of  machine  driving  booster  or  drive 

the  booster. 

0 

Shunt  field  of  booster  machine. 

P 

Shunt  field  of  machine  driving  booster  or  di 

v     by  the  booster. 

Q 

Series  field  of  machine  driving  booster  or  dr 

by  the  booster. 

R,  Ri,  R^, 

R3  Resistances. 

S 

Series  field  of  booster. 

Sly  S* 

Switches.- 

T 

Trolley. 

r, 

Main  transformer  winding. 

Auxiliary  transformer  winding. 

u 

Auxiliary  shunt  field  on  exciter  machine 

V 

Auxiliary  shunt  field  on  booster. 

X 

Cross  field  of  main  machine. 

Y 

Cross  field  of  exciter  machine. 

z 

Reverser. 

aa 

Working  brushes  of  main  machine. 

bb 

Exciter  brushes  of  main  machine. 

Practically  constant  excitation,  as  obtained,  for  instance,  w 

a  battery  (see  Fig.  4),  does  not  give  very  desirable  charact 
istics  with  regard  to  limiting  the  armature  currents.  If,  1 
instance,  the  line  voltage  drops  suddenly,  the  regenerative  vo 
tage  will  be  much  in  excess  of  the  line  voltage  and  the  on 
thing  inherently  counteracting  excessive  currents  is  the  smj 
resistance  in  the  circuit  and  possibly  a  slight  voltage  reducti< 
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in  the  generator  due  to  the  increased  armature  field  distortion. 
This,  however,  is  not  at  all  sufficient  with  the  large  voltage 
variations  common  to  railway  work.  Fig.  6  shows  test  curves, 
taken  on  a  standard  medium  size  railway  motor,  clearly  demon- 
strating this  point.  It  will  be  seen  that  with  a  voltage  drop  of 
only  about  10  per  cent,  the  regenerative  current  increases 


Fig.  4  Fig.  5 


100  per  cent  or  more,  depending  upon  the  load,  and  the  ratio 
of  armature  to  field  current  goes  up  practically  in  the  same 
ratio.  Conditions  can  of  course  be  improved  by  introducing  a 
resistance  into  the  circuit. 

The  only  other  way  in  which  this  shortcoming  of  the  system 
with  constant  voltage  excitation  can  be  taken  care  of  is  by  the 
use  of  quick-acting  controlling  devices.    The  system  shown  in 
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Fig.  6 — Speed  Constant;  Field  Constant 


Fig.  5  was  developed  along  such  lines  some  years  ago  and  gave 
quite  satisfactory  results  during  an  extended  testing  period. 
The  motor  fields  were  reversed  in  this  case  so  that  the  regen- 
erative current  assisted  in  magnetizing  the  field,  while  the  bat- 
tery E  took  only  the  difference  between  the  regenerative  current 
and  the  exciting  current.  The  regulation  of  the  system  was 
accomplished  by  a  controller  device  C,  varying  part  of  the  resist- 


28  HELL M UN D:  REGENERATIVE  BRAKING  rJz 

ance  R.  In  addition  to  this,  a  quick-acting  relay  D  openec 
switch  Si  automatically  every  time  the  armature  current 
ceeded  a  certain  value,  introducing  temporarily  a  part  of 
resistance  into  the  field  circuit.  The  operation  of  this  r 
and  switch  was  found  to  be  somewhat  like  that  of  a  Tirrill  r 
later  insofar  as  it  very  frequently  opened  and  closed  the  sw 
Si,  the  time  of  opening  usually  being  only  long  enough  to  j 
the  field  current  a  start  in  the  right  direction  when  the  anna 
current  exceeded  desirable  values. 

The  flat  speed  characteristic  of  a  system  of  this  kind  requi 
of  course,  a  relatively  large  number  of  notches  in  the  con 
in  order  to  avoid  excessive  changes  of  current  and  torque  w 
notching  up,  as  is  evident  from  Fig.  7.  The  necessity  for  mi 
steps  is,  however,  somewhat  reduced  by  the  self-inductive  t 
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Fig.  7 — Constant  Volts 

damping  effect  of  the  main  motor  field,  which  introduces  a  tin 
element  making  the  change  of  the  field  strength  fairly  slow,  s 
that  the  vehicle  has  a  chance  to  retard  somewhat  before  th 
new  field  condition  caused  by  taking  a  notch  in  the  control  ha 
been  fully  established.  This  will  limit  somewhat  the  curren 
peaks.  With  the  system  of  Fig.  5,  the  operation  of  the  rela; 
D  and  the  switch  Si  will  also  oppose  any  excessive  current  peak 
during  the  notching  up. 

The  systems  with  inherently  constant  excitation  require,  o: 
course,  fairly  close  adjustment  of  voltages  before  the  generatoi 
can  be  connected  to  the  line.  Certain  limited  inaccuracies  can 
be  taken  care  of  by  the  system  of  Fig.  5  if  arrangements  are  made 
so  that  the  generator  voltage  is  always  larger  than  the  line 
voltage  before  the  circuit  is  closed.  If  then  the  generator 
voltage  is  somewhat  too  large,  tending  to  give  excessive  regen- 
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erated  currents,  the  operation  of  the  relay  D  and  the  switch  5j 
will  tend  to  keep  the  currents  down. 

Proper  distribution  of  load  between  the  various  motors  can, 
of  course,  only  be  taken  care  of  in  a  system  of  this  kind  by 
individually  controlling  each  motor  by  means  of  separate  con- 
trolling resistances  and  controlling  devices,  there  being  no  in- 
herent tendency  for  balancing  the  loads. 

A  system  with  constant  excitation  possesses,  on  the  other  hand, 
quite  desirable  characteristics  with  regard  to  some  of  the  other 
considerations.  Any  tendency  towards  increased  speed  of  the 
vehicle  is  at  once  counteracted  by  a  very  large  increase  of  torque. 
Over-voltages  can  be  obtained  only  after  the  vehicle  speed  has 
increased,  and  since  this  requires  a  certain  amount  of  time, 
over-voltage  relays  will  have  plenty  of  time  to  act;  as  a  matter 


Fig.  8 — Constant  Volts 


of  fact,  this  system  is  one  of  the  safest  with  regard  to  over- 
voltages.  The  use  of  a  battery  as  a  source  of  excitation  is, 
although  fairly  satisfactory,  not  very  desirable,  in  view  of  the 
care  and  maintenance  always  incident  to  a  battery. 

A  system  in  which  the  excitation  voltage  varies  in  proportion 
to  the  line  voltage  is  shown  in  Fig.  9.  A  dynamotor  merely 
serves  as  a  transformer  for  reducing  the  line  voltage  to  a  voltage 
suitable  for  the  excitation  of  the  motor  fields.  Therefore  this 
system  acts  in  many  respects  identically  with  one  having  a 
straight  shunt  generator.  Any  increase  of  line  voltage  is  fol- 
lowed by  a  proportional  increase  of  excitation  voltage.  Such 
an  action  is  ideal,  assuming  that  the  change  in  field  follows  that 
of  the  line  voltage  quickly  enough,  and  assuming  further  that 
the  changes  in  field  flux  are  proportional  to  the  changes  in  field 
voltage. 
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These  latter  conditions  are  fairly  well  taken  care  of  in  t 
tern  of  Fig.  9,  as  long  as  the  main  motors  are  not  saturate 
assuming  that  the  dynamotor  field  flux  responds  quickly 
changes  of  its  field  current.  The  latter  requirement  can 
be  fulfilled  by  exciting  the  dynamotor  with  a  series  field 
as  shown,  avoiding  thereby  the  damping  effect  of  shunt-con] 
windings,  and  by  making  the  dynamotor  field  core  lami 
thereby  avoiding  the  damping  effects  of  a  solid  core. 

If  the  line  voltage,  under  these  assumptions,  drops  sud 
the  counter  e.m.f.  in  the  dynamotor  will  at  first  be  larger 
the  line  voltage.  Therefore,  the  current  taken  by  the 
motor,  and  with  it  the  dynamotor  field  current,  will  qi 
decrease.  Since  the  laminated  field  will  follow  the  chan 
its  field  current,  the  voltage  induced  in  the  secondary  arm 
winding  of  the  dynamotor  will  quickly  readjust  itself  1 
proportional  to  the  line  voltage.  Although  the  inductive 
damping  effects  of  the  main  genera- 
tor fields  introduce  a  certain  time 
element,  very  excessive  increases  of 
regenerative  currents  will  be  inher- 
ently avoided  when  running  at  higher 
speeds.  For  lower  speeds  for  which 
the  main  generators  may  be  sat- 
urated, their  fields  of  course  change 
less  than  proportionally  to  a  change 
of  field  voltage  and  current.  In  these  cases  the  field  is,  howc 
very  strong  and  undue  field  distortion  will  not  take  place,  ( 
though  the  armature  currents  may  assume  rather  large  pro 
tions,  until  the  control  can  be  readjusted  by  relays  or  otherv 
The  effect  of  changing  line  voltage  with  this  system  is  showr 
the  curves  in  Fig.  10. 

While,  for  the  above  reasons,  this  system  is  very  satisfact 
for  taking  care  of  variations  in  line  voltage,  it  is  less  so  v 
regard  to  the  steps  of  the  control,  the  speed-current  and  spc 
torque  characteristics  being  essentially  those  of  a  shunt  mach: 
so  that  in  this  respect  the  same  conditions  apply  as  in  the  syst 
of  Fig.  5  and  as  demonstrated  in  Fig.  7. 

Another  handicap  of  this  system  is  that  when  the  motors 
connected  to  the  line,  excessive  currents  are  liable  to  be  set 
unless  the  voltage  balances  rather  exactly  or  unless  other  p 
cautionary  steps,  like  a  temporary  introduction  of  a  resistar 
into  the  circuit,  are  taken. 
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Proper  distribution  of  the  load  is  not  obtained  inherently 
with  this  system  and  has  to  be  taken  care  of  by  separate  regula- 
ting rheostats  or  the  like  for  each  generator.  The  system  is, 
on  the  other  hand,  very  satisfactory  with  regard  to  the  safety 
of  the  train,  because  any  tendency  towards  change  in  speed 
materially  increases  the  torque  counteracting  such  change. 

Over-voltages  are  set  up  rather  quickly  with  this  system  on 
account  of  the  fact  that  the  voltage  changes  of  the  dynamotor 
are  very  quick-acting.  The  operation  of  the  dynamotor  itself 
is  rather  safe  in  this  case,  since  it  is  of  the  pure  series  type, 
which  makes  it  not  very  sensitive  to  flashing. 

The  system  just  described  is,  as  previously  mentioned,  some- 
what subject  to  instantaneous  current  changes,  when  the  line 
voltage  changes.    While,  as  pointed  out,  the  secondary  dyna- 
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Fig.  10 — Speed  Constant,  Field  Amperes  Varying  with  Line 

Voltage 

Curve  A  =  Field  saturated. 
"    B  =  Field  unsaturated. 

motor  voltage  follows,  the  line  voltage  very  quickly,  the  self- 
inductive  and  the  damping  effect  of  the  main  motor  fields  will  pre- 
vent the  main  motor  field  flux  from  quickly  following  the  field  volt- 
age. To  improve  this  condition  it  is  desirable  to  change  temporar- 
ily the  secondary  voltage  of  the  dynamotor,  and  with  it  the  field 
voltage,  a  greater  amount  than  required  for  the  change  in  flux, 
in  order  to  effect  the  quickest  change  of  the  field  of  the  main 
generator.  This  can  be  accomplished  by  connection  as  shown 
in  Fig.  11.  In  this  case  the  exciter  armature  E  of  a  motor- 
generator  set  is  excited  partly,  or  entirely,  by  the  motor  current 
of  the  set,  while  the  motor  itself  is  shunt-excited.  Assuming 
in  this  case  a  sudden  voltage  drop,  the  damping  effect  of  the 
shunt  field  of  the  small  motor  will  prevent  any  sudden  change 
of  the  field  strength,  while  on  the  other  hand  the  mechanical 
inertia  of  the  set  prevents  any  immediate  change  of  the  speed. 
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Therefore,  the  counter  e.m.f.  of  the  small  motor  armatt 
remains  unchanged  and  will  be  larger  than  the  suddenly  re 
line  voltage.  This  will  tend  to  diminish  quickly  or  even  r< 
the  current  in  the  armature  M  and  therefore  also  the  curr 
the  field  H  of  the  little  generator.  This  in  turn  brings 
a  material  reduction  in  the  voltage  of  the  little  generator  t 
ture  £,  tending  to  reduce  temporarily  the  main  generatoi 
appreciably.  Before  this  current  has,  however,  changed  t 
full  extent  and  past  desirable  limits,  the  voltage  drop  of  the 
generator,  the  speed  of  the  little  set  and  its  field  will  a 
themselves  to  the  proper  condition. 

This  system  is,  therefore,  very  well  adapted  to  take  ca 
even  the  quickest  changes  in  line  voltage.  In  other  resj 
the  system  is  very  similar  to  the  one  previously  descr 
except  that  the  motor  of  the  motor-generator  set,  being  si 


excited,  is  subject  to  flash-overs,  so  that  neutralizing  wind 
or  other  special  features  may  be  required. 

Since  none  of  the  previous  systems  is  satisfactory  in  all  resp< 
a  system  with  negative  compound  characteristic  during  the  rej 
eration  period,  as  shown  in  Fig.  12,  may  now  be  conside 
This  system  also  includes  a  small  motor-generator  set, 
generator  E  of  which  is,  however,  provided  with  a  field  wine 
J  carrying  the  regenerative  current  and  opposing  the  ol 
field  winding  H.  This  general  principle  of  providing  the  exc 
with  a  field  carrying  the  regenerative  current  in  a  demagneti2 
direction  is  applied  to  the  locomotives  of  the  Chicago,  Milwau 
and  St.  Paul  Railway.  If,  with  the  system  of  Fig.  12, 
regenerative  current  tends  to  increase,  no  matter  whether 
account  of  voltage  drop  on  the  line,  or  on  account  of  chan 
in  the  control,  the  increase  will  cause  a  decrease  in  the  volt; 
of  the  little  generator,  causing  a  consequent  decrease  of  the  m 
generator  field  which  counteracts  any  further  increase  of  reg 
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erative  current.  The  same  feature  will  also  be  of  assistance 
when  connecting  the  generator  to  the  line;  even  if  it  happens 
in  this  case  that  the  generator  voltage  is  quite  an  appreciable 
amount  above  the  line  voltage,  excessive  currents  cannot  exist 
any  length  of  time  because,  as  they  tend  to  set  up,  they  will 
decrease  the  main  field  excitation  and  reduce  the  regenerated 
voltage.  The  system  may  be  provided  with  but  few  steps  in 
the  control,  because  it  has  a  negative  compound  characteristic 
with  curves  bent  up  in  such  a  way  that  in  going  from  one  step 
to  the  other  in  the  control  the  increase  of  regenerated  current 
is  not  very  large,  even  though  there  are  only  a  few  control 
steps  and  a  few  curves,  as  demonstrated  by  Fig.  8.  It  will  be 
seen  from  Fig.  12  that  this  system  also  changes  the  excitation 
with  the  line  voltage,  as  was  the  case  in  Fig.  9,  and  this  feature 
will  of  course  assist  in  keeping  overloads  down  in  case  of  a  change 
in  line  voltage,  along  lines  previously  discussed. 

This  system,  while  counteracting  undue  increases  of  regen- 
erative current,  is  handicapped  in  so  far  as  there  is  a  certain 
time  element  between  the  increase  of  the  regenerated  current, 
the  subsequent  decrease  of  the  small  generator  field  and  the 
decrease  in  field  current  following  thereafter. 

This  in  turn  means  that  short-time  overload  surges  of  the 
armature  current  are  possible  until  the  main  field  conditions 
have  adjusted  themselves,  and  unless  the  design  of  the  main 
motor  is  such  as  to  be  inherently  very  safe  against  flashing, 
flashes  are  likely  to  occur.  When  applied  to  several  motors, 
the  system  is  further  handicapped  by  the  fact  that  it  is  either 
necessary  to  supply  a  separate  exciter  for  each  motor,  or,  in 
order  to  distribute  the  load  properly  between  the  different 
motors  with  a  common  exciter,  special  load  balancing  devices 
have  to  be  used. 

It  is  evident  that  with  this  system  any  desired  speed-torque 
curve  characteristic  that  will  best  suit  the  particular  service 
conditions  may  be  obtained. 

While  the  system  is  liable  to  give  over-voltages,  due  to  the 
fact  that,  upon  interruption  of  power  supply,  the  regenerated 
current  in  the  field  J  will  disappear,  permitting  the  exciting 
voltage  to  increase,  the  previously  mentioned  time  element 
will  permit  over-voltage  relays  to  disconnect  the  motor  circuits 
before  the  over-voltages  are  excessive. 

The  auxiliary  machines  of  the  system  shown  in  Fig.  12, 
especially  the  motor,  being  of  the  shunt  type,  are  not  very 
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desirable,  but  could,  of  course  be  improved  by  substit 
highly  saturated  series  motor  or  by  making  other  suitable  c 

Some  of  the  disadvantages  of  the  previous  system  : 
overcome  by  a  system  as  shown  in  Fig.  13.  In  this  cz 
possible  to  use  a  common  exciter  to  good  advantage 
each  motor  is  self -compounding  individually,  and  in  a 
of  the  motors  should  take  more  than  its  share  of  the  [ 
will  automatically  decrease  its  own  field  strength,  wh 
turn,  counteracts  any  further  increase  of  load.  In  order  to 
this  effect  the  upper  field  portions  which  carry  the  regei 
armature  current  are  arranged  to  counteract  the  lower  p 
of  the  field,  which  are  separately  excited. 

The  regulation  of  the  system  is  accomplished  by  cor 
contacts  C,  eliminating  more  or  less  of  the  exciter  serie 
turns.    The  operation  of  the  auxiliary  machines,  which 


the  series  type,  should  be  satisfactory.  On  the  other  ] 
over-voltages  are  liable  to  be  established  very  quickly  on  ac< 
of  the  small  time  element  previously  mentioned. 

One  disadvantage  of  this  system  is  that  it  requires  a  sf 
motor  with  a  two-part  field  winding.  In  some  exceptional 
it  might  happen  that  a  standard  field  control  motor  coul 
used  for  this  system,  but  as  a  rule  the  ratio  of  turns  bet 
the  two  parts  of  a  standard  field  control  motor  is  not  well  ada 
for  this  system.  Even  with  a  special  design  for  the  motor  fi 
it  is  somewhat  difficult  to  obtain  the  proper  compound  chara 
istic  for  all  notches,  unless  several  main  field  taps  and  attem 
undesirable  complications  are  introduced.  Furthermore, 
main  motor  fields,  if  of  standard  size,  are  liable  to  overt 
since  the  resultant  field  is  the  difference  of  rather  heavy  amp 
turns  in  the  two  opposing  field  sections. 

The  system  as  shown  in  Fig.  14  fulfills  practically  all  the 
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quirements  previously  enumerated.  In  this  system,  arrange- 
ments are  made  so  that  the  sum  of  the  regenerated  current  and 
the  field  excitation  current  of  each  main  generator  passes  through 
a  common  resistance.  The  circuits  are  further  arranged  so  that 
the  voltage  of  this  resistance  subtracts  from  the  exciter  generator 
voltage  to  give  the  resultant  voltage  of  the  main  generator 
fields.  If  we  assume  now  that  the  line  voltage  suddenly  drops, 
causing  an  increase  in  regenerated  current,  or  that  the  latter 
increases  for  any  other  reason — as,  for  instance,  changes  in  the 
control  connections — it  is  evident  that  the  current  in  the  resis- 
tance also  increases.  This  being  the  case,  the  voltage  of  the 
resistance  increases  also,  and  since  the  voltage  of  the  small 
exciter  is  either  constant  or  beginning  to  drop  with  the  line 
voltage,  it  is  evident  that  the  main  field  voltage,  being  the  dif- 
ference between  the  exciter  and  resistance  voltage,  must  suddenly 
decrease  and  cause  the  field  current,  as  well  as  the  field,  to 
decrease.  We  have,  therefore,  a  very  quick  readjustment  and 
the  desirable  negative  compound  characteristic.  It  may  be 
stated  that  in  general  a  system  giving  each  machine  inherently 
and  individually  a  negative  compound  characteristic  without 
too  much  of  a  time  element  is  to  be  preferred  over  any  of  the 
other  possibilities  mentioned,  because  such  a  machine  counter- 
acts any  undue  increases  of  current  no  matter  whether  their 
cause  is  decreased  line  voltage,  large  step  in  control,  faulty 
action  of  control  or  for  any  other  reason.  The  desired  compound 
effect  and  speed-torque  characteristic  can  be  varied  to  any  de- 
sirable amount  ^1  this  system  by  merely  varying  the  resist- 
ances to  suit  conditions.  The  loss  in  the  resistance  is  in  any 
case  small,  since  the  voltage  across  the  resistance  is  hardly  ever 
more  than  the  field  voltage,  that  is,  only  a  small  percentage  of 
the  total  voltage. 

This  system  is  particularly  advantageous  with  regard  to  con- 
necting the  generators  to  the  line.  During  some  experimental 
tests,  the  generators  were  put  on  the  line  with*the  no-load 
voltage  regulated  to  100  per  cent  larger  than  the  line  voltage 
and  the  maximum  currents  obtained  were  well  within  permis- 
sible limits.  The  adjustment  of  relays,  therefore,  does  not  require 
any  great  degree  of  refinement. 

Since  each  motor  has,  as  in  the  previous  system,  a  separate 
compound  effect,  the  system  will  tend  to  distribute  the  load 
evenly  between  the  motors  and  is  very  satisfactory  in  this  .re- 
spect. 
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Over-voltages  are  taken  care  of  by  an  over-voltage 
In  case  of  a  loss  of  power  supply,  the  regenerated  voltag 
of  course,  rise  a  certain  amount,  because  the  regenerated  e 
in  the  resistance  becomes  zero,  thereby  decreasing  the  v 
across  the  resistance  and  increasing  the  voltage  acros 
main  fields.  A  rapid  cumulative  voltage  rise  is,  however 
vented  because  the  inertia  of  the  set  prevents  an  instanta 
rise  in  speed  of  the  motor-generator  set  and  because  a  dai 
effect  of  any  desirable  amount  may  be  introduced  by  dar 
windings  on  the  field  of  the  small  generator  that  will  pr 
sudden  rises  of  field  strength,  and  therefore,  a  rise  of  gene 
voltage  above  the  initial  rise.  Therefore,  there  is  sufficient 
for  an  over-voltage  relay  and  the  switches  interrupting  the  e: 
circuit  to  operate  before  the  over-voltages  have  reached  da 
ous  proportions. 

The  operation  of  the  motor-generator  set  is  safe  and  flaj 
avoided  on  account  of  the  driving  motor  being  of  the 
series  type.  Over-speeding  of  the  set,  when  running  ligi 
avoided  by  driving  the  blower  for  the  main  motors  by  the  j 
of  the  motor-generator  set.  The  fact  that  the  exciter  set 
nishes  an  easy  means  for  driving  a  ventilating  fan  introd 
a  convenient  possibility  for  adding  forced  ventilation  to  e 
ing  equipments  now  operating  without  forced  ventilation, 
addition  of  the  motor-generator  set  with  a  fan  furnishes  in  ; 
a  case  not  only  the  necessary  excitation,  but  also  the  additi 
ventilation  for  the  main  motors  which  usually  is  necessar 
counteract  the  increased  losses  in  the  motors  incident  to 
introduction  of  regeneration. 

Where  service  conditions  make  it  desirable,  the  connect 
shown  in  Fig.  14  may  also  be  used  without  any  alteration  du 
motoring,  and  give  in  this  case  a  very  convenient  metho< 
field  control.  The  only  difference  is  that  in  this  case,  the  n 
tances  carry  the  difference  between  the  field  exciting  cun 
and  the  motor  load  current.    An  increase  in  motor  current 
therefore,  mean  decreased  current  in  the  resistance,  a  decrea 
drop  across  the  resistance,  and  increased  field  strength, 
other  words,  we  have  a  positive  compound  characteristic 
desirable  for  motor  operation.  The  system  may  also  be  arranj 
to  use  this  compound  characteristic  up  to  a  certain  point  i 
subsequently  simply  interrupt  the  resistance  circuits  by 
switches  Si  and  Sit  after  which  the  motors  will  work  as  straij 
series  motors,  with  the  exciter  armature  E  merely  acting  a 
small  booster  adding  a  few  volts  to  the  line  voltage. 
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The  advantage  of  using  one  and  the  same  connection  for  both 
motoring  and  regeneration  is  that  it  gives  exceedingly  simple 
control,  permitting  at  the  same  time  field  control  during  motor- 
ing. On  the  other  hand,  it  has  the  disadvantage  of  requiring 
a  somewhat  larger  exciter,  since  the  latter  is  in  operation  a 
much  greater  part  of  the  time.  It  may  also,  at  present,  at 
least,  be  advisable  to  select  systems  which  operate  the  motors 
altogether  independently  of  the  features  introduced  by  regen- 
eration, so  that  the  failure  of  any  of  the  regenerative  parts 
does  not  in  any  way  affect  the  reliability  of  the  vehicle  when 
motoring,  and  simply  means  that  the  air  brakes  have  to  be  used 
temporarily.   For  this  reason  the  system  of  Fig.  14  has  so  far 
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Fig.  15 

been  applied  only  in  combination  with  the  standard  motor 
connections. 

The  system  of  Fig.  14  may,  of  course,  be  modified  in  a  number 
of  ways.  The  resistance  R  may,  for  instance,  be  replaced  by 
a  constant  resistance,  and  the  regulation  may  be  accomplished 
by  a  resistance  in  series  with  the  armature  E  (see  Fig.  17). 
This  will  change  the  regenerative  characteristic  for  the  higher 
speeds  as  shown  in  Fig.  16,  as  compared  with  Fig.  15,  which 
applies  for  the  system  of  Fig.  14.  Regulation  may  also  be 
accomplished  with  a  constant  resistance  R  and  means  for  regu- 
lating the  strength  of  the  field  L  (see  Fig.  18). 

The  system  of  Fig.  14  could,  of  course,  be  further  improved 
by  introducing  some  means  for  temporarily  forcing  the  change 
in  the  main  generator  fields  in  order  to  shorten  still  more  the 
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time  element  introduced  by  the  self-induction  dampii 
of  the  main  generator  fields;  while  this  time  element  i 
small  in  the  system  shown  in  Fig.  14,  and  is  of  no  prac 
portance  in  most  cases,  it  may  in  case  of  very  sensitive 
be  desirable  to  reduce  it  further.  The  system  of  Fig.  1 
one  possible  way  of  doing  this.  The  resistances  i 
the  same  purpose  as  the  resistance  R  in  Fig.  14.  1 
resistances  are  so  dimensioned  in  Fig.  17,  however,  th 
in  themselves  would  give  a  very  steep  compound  curv< 
steeper  than  desirable  for  the  operation  of  the  vehicle 
would  mean  that  in  case  of  any  change  in  line  voltage  c 
cause  for  increased  regenerated  currents,  the  resistan< 
bring  about  a  material  decrease  of  the  main  generator  i 


Fig.  16 


and,  therefore,  a  quick  decrease  of  the  main  generator 
The  materially  reduced  field  voltage  will  not,  however,  coi 
to  exist  because  the  field  K  on  the  motor  of  the  excit< 
carries  the  regenerated  current  and  opposes  the  field  L. 
increase  of  regenerated  current  will,  therefore,  reduce  the 
field  and  cause  the  set  to  speed  up,  thereby  increasinj 
voltage  of  the  exciter  armature  E.  This  increase  count* 
the  decrease  in  field  voltage  brought  about  by  the  resist 
R.  On  account  of  the  inertia  of  the  little  set,  howevi 
cannot  speed  up  instantaneously,  and  therefore,  there 
certain  time  element  introduced  in  the  counteracting  e 
The  combined  effect  of  the  resistances  R  and  the  field  K 
be  arranged  to  give  a  fairly  flat  current  curve  and  yet  su 
increases  of  regenerative  current  are  prevented  because  oi 
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smaller  time  element  in  the  effect  of  the  resistance  R  and  the 
large  time  element  in  the  effect  of  the  field  K. 

A  rather  interesting  case  is  shown  in  Fig.  18.  The  driving  motor 
of  the  exciter  set  is  shunt-excited  and,  therefore,  essentially 
constant  speed.  The  exciter  armature  is  series-excited  and  its 
voltage  will,  therefore,  increase  materially  with  increased  load, 
and  vice  versa.  If  we  assume  now,  for  instance,  a  sudden  in- 
crease of  regenerated  current,  the  field  voltage  of  the  main 
generators  will  be  decreased  on  account  of  the  increased  voltage 
drop  across  the  resistances  2?j  and  R*  This  will  mean  that  the 
current  in  the  field  H  also  decreases  and  with  it  the  voltage  of 
the  armature  JS,  which  in  turn  tends  further  to  decrease  the 
current  of  the  main  field.  It  can  be  shown  mathematically 
.that  it  is  possible,  in  this  case,  to  obtain  a  characteristic  with 
constant  ratio  of  main  field  current  to  armature  current,  as 
shown  in  Fig.  3a.    While,  as  pointed  out  in  connection  with 


Fig.  17 


Fig.  18 


Fig.  3a,  such  a  curve  is  as  a  rule  not  desirable,  there  may  be 
cases  of  motors  exceptionally  sensitive  with  regard  to  flashing 
where  such  a  characteristic  would  make  regeneration  possible. 

All  systems  as  shown  so  far  are,  of  course,  limited  to  a  certain 
range  of  speed  over  which  regeneration  can  be  accomplished. 
The  maximum  possible  speeds  are  usually  only  limited  by  the 
maximum  operating  speed,  of  the  vehicle  but  the  minimum 
speeds  are  given  by  the  maximum  possible  saturation  of  the 
motors.  It  is  evident  that  regeneration  cannot  be  effected 
unless  the  generated  voltage  is  slightly  higher  than  the  line 
voltage.  If,  therefore,  the  speed  is  such  that  even  with  fully 
saturated  main  fields,  a  voltage  above  the  line  voltage  cannot 
be  induced,  regeneration  will  be  impossible.  Since  most  standard 
railway  motors  are  fairly  well  saturated  at  the  hour  rating,  it 
is,  therefore,  usually  not  possible  to  effect  regeneration  for  speeds 
much  below  the  standard  hour  rating  speed. 
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The  range  of  regeneration  below  this  speed  can  only 
tended  by  reducing  the  voltage  across  each  motor.  Th 
be  accomplished  in  the  same  manner  as  during  accelei 
by  series-parallel  control,  or  still  further,  by  parallel, 
parallel  and  series  control. 

The  fundamental  principles  illustrated  in  Fig.  14  have 
very  successfully  applied  to  series-parallel  control  during 
eration,  whereby  the  range  for  regeneration  has  been  ext 
from  the  maximum  speed  down  to  about  35  to  40  per  o 
the  hour  rating  speed.    This  range  is  fully  sufficient  to 
all  desirable  operating  speeds  on  down-grade  in  most  1 
applications.    In  braking,  for  the  purpose  of  reducing  tl 
hide  speed,  this  range  permits  the  regeneration  of  as  mi 
85  to  95  per  cent  of  the  stored  energy  which  can  be  reg 
by  regeneration,  leaving  only  a  very  small  percentage 
handled  by  the  air  brakes. 

The  control  of  the  series-parallel  system  referred  to  is  arrj 
so  that  parallel  connections  are  obtained  automatically  f 
speeds  for  which  regeneration  in  parallel  connection  is  pos 
For  speeds  below  this,  permitting  regeneration  in  series  co 
tions,  series  connections  are  at  once  established  automati 
Further  arrangements  are  made  for  very  low  speeds  which  d 
permit  regeneration  at  all  so  that  the  regenerating  circuits  ai 
established.  When  regeneration  is  started  in  parallel  connec 
and  the  vehicle  speed  falls  below  speeds  satisfactory  for  pa 
connection,  the  transition  to  series  connection  is  accompl 
without  loss  of  braking  torque  during  the  transition, 
scope  of  this  pape*  does  not  permit  a  detailed  descriptic 
all  the  control  features.  It  may  merely  be  stated  that  the  sy 
has  been  developed  and  successfully  operated  with  mull 
unit  cars  and  automatic  control  for  the  regenerative  bra] 
together  with  automatic  control  for  acceleration. 

The  system  also  has  been  worked  out  for  manual  co: 
with  automatic  maximum  torque  arrangements,  in  conne< 
with  locomotives,  and  one  locomotive  has  been  in  succe 
operation  on  the  Lake  Erie  and  Northern  Railway  for  the 
seven  months  without  any  difficulties  of  main  motor  or  a 
iary  motor  flashing  or  control  failures  of  any  kind,  althc 
the  operating  voltage  is  1500  volts,  with  an  occasional  maxii] 
of  2000  volts  obtained  during  regeneration,  the  line  beinj 
miles  (24  km.)  long,  with  only  one  substation  in  the  ce 
during  the  first  four  months  of  operation. 
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The  master  controller  handle  is  arranged  so  that  acceleration 
is  effected  by  moving  the  handle  from  a  certain  middle  posi- 
tion in  one  direction,  and  so  that  braking  is  effected  by  simply 
moving  the  same  handle  in  the  opposite  direction  from  the 
same  middle  position.  The  motor  connections  are  arranged 
so  that  they  are  independent  of  the  regenerative  features  of  the 
control.  The  manipulation  of  the  locomotive  by  this  single 
master  controller  is,  of  course,  exceedingly  simple  and  naturally 
very  much  to  the  liking  of  the  operator.  Every  regenerative 
braking  position  is  a  running  position,  so  that  electric  braking 
on  down-grades  is  possible  in  fine  gradations  over  a  wide  range 
of  speeds. 

In  order  to  establish  the  reliability  of  the  system,  tests  were 
made  in  which  the  line  voltage  was  suddenly  changed  from 
900  volts  to  1800  volts,  and  vice  versa.  Other  tests  were  made 
by  interrupting  and  re-establishing  the  power  supply  for  var- 
ious periods  of  interruption,  and  the 
inherent  characteristic  of  the  system, 
together  with  the  control  features, 
handles  all  these  cases  with  ease. 

Outside  of  the  essential  features 
and  requirements  to  be  met  by  an 
ideal  system  of  control,  a  great  many 
plG  19  minor  features  have  to  be  considered. 

Among  other  things,  it  is  of  course 
desirable  to  keep  the  exciter  as  small  as  possible  in  order  to 
keep  first  cost  and  weight  down  to  a  minimum.  In  this  connect- 
ion, three  different  principles  of  excitation  may  be  considered, 
namely: 

1.  The  exciter  carrying  the  sum  of  the  exciting  current  and 
the  regenerated  current,  as  shown  in  Fig.  19.  This  gives,  of 
course,  a  very  large  exciter  with  large  commutators  and  numerous 
brushes.  The  principal  advantage  of  this  system,  which  has 
been  applied  on  the  locomotives  of  the  Chicago,  Milwaukee 
and  St.  Paul  Railroad,  seems  to  be  that  it  avoids  the  necessity 
of  connecting  the  motors  to  the  line  as  generators.  The  arrange- 
ments in  the  above  case  are  such  that  the  motors  are  connected 
to  the  line  in  the  regular  way,  first  as  motors,  and  the  exciter 
is  subsequently  connected  across  the  field  and  raises  its  excitation 
until  the  motor  voltage  overcomes  the  line  voltage  and  regenera- 
tion takes  place.  This  requires  the  manipulation  of  two 
separate  handles  and  does  not  permit  series-parallel  control 
without  interrupting  the  b  aking  torque. 
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2.  The  exciter  set  carrying  the  field  current  only, 
gives  an  exciter  of  smaller  current  capacity.  This  pi 
is  used  in  the  systems  of  Figs.  4,  9,  11,  12,  13,  14,  17  a 

3.  The  exciter  set  carrying  the  difference  between  th 
current  and  the  regenerative  current.  This  gives,  of  < 
a  further  opportunity  for  reducing  the  average  current 
exciter  and  its  r.m.s.  capacity.  It  so  happens,  howevei 
with  the  direct-current  systems  previously  discussed,  esp 
for  higher  speeds,  the  maximum  regenerative  current  is  v 
so  large  and  the  field  current  so  small  that  the  maximui 
rents  to  be  carried  by  the  exciter  are  about  as  large  as 
previous  case.  For  this  reason  the  saving  in  exciter  size 
very  great.  This  system  has  other  disadvantages — among  c 
the  fact  that  the  exciter  works  at  times  as  a  motor  and  at 
as  a  generator,  which  in  turn,  makes  it  impossible  to 
series  connected  machine  for  driving  it.  This,  as  prev 
pointed  out,  is  liable  to  lead  to  flashing  difficulties  in  the  d: 
machine.  In  combination  with  battery  excitation,  as  s 
in  Fig.  5,  on  the  other  hand,  this  principle  is  very  desi 
since  by  proper  design  it  is  possible  to  charge  and  disc 
the  battery  alternately  and  keep  it  charged  the  proper  am 

Another  point  of  practical  importance  in  consideration  c 
various  systems  is  not  only  the  number  of  steps  require 
control,  but  also  the  size  of  the  current  which  has  to  be  hai 
by  the  controllers.  It  will  be  seen,  for  instance,  that  ii 
systems  shown  in  Figs.  4,  5,  9  and  11,  the  entire  main 
current,  which  is  relatively  large,  has  to  be  handled  by 
contacts.  This,  of  course,  leads  to  a  heavier  and  more  expei 
control  as  well  as  increased  maintenance  cost,  as  compared 
the  systems  shown  in  some  of  the  other  figures,  for  instance, 
12,  13,  and  18,  where  only  the  small  shunt  current  of  the  ex 
set  is  handled  by  the  contacts. 

A  great  many  other  similar  systems  possible  for  regenen 
might  be  described  and  considered  in  detail,  but  it  is  thoi 
that  the  fundamental  principles  have  been  sufficiently  der 
strated  by  the  previous  examples.  It  may  suffice  to  mentio 
further  possibilities  the  use  of  exciter  machines  driven  by 
of  the  axles,  or  the  main  motor  gears,  as  well  as  the  use  of  on 
the  main  motors  as  exciter  machine  for  the  other  motors  du 
regeneration.  Numerous  combinations  of  this  sort,  which 
more  or  less  promising  for  practical  application,  are  possible. 

While  the  foregoing  discussions  were  limited  to  systems  v 
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one  or  two  voltages  across  the  motor,  that  is,  the  line  voltage 
and  half  of  the  line  voltage  obtained  by  series  connection  of  the 
motors,  it  was  repeatedly  intimated  that  extended  voltage 
variations  will  introduce  further  possibilities  for  regeneration. 
If  the  motor  voltage  could  be  varied  at  will,  for  instance,  it 
would  permit  regenerative  braking  down  to  zero  speed. 

The  system  of  Fig.  20  shows  a  possibility  for  varying  the  motor 
voltage.  In  this  case,  a  booster  armature  B  is  connected  in 
series  with  the  armature  A  and  arranged  so  that  its  voltage 
subtracts  from  the  line  voltage,  thus  permitting  the  voltage 
of  the  main  motor  armature  A  to  be  anything  between  zero 
and  the  line  voltage.    Since  the  negative  booster  will,  in  this 


Pig.  20 


Fig.  21 


case,  act  as  a  motor,  the  mechanical  energy  developed  by  it 
has  to  be  taken  up  by  a  driven  generator  armature  Nt  which 
returns  the  energy  to  the  line.  The  field  F  is  excited  by  a  small 
exciter  armature  E  coupled  to  the  same  set. 

Since  with  the  previous  systems  and  series-parallel  control 
it  is  possible  to  return  by  far  the  larger  part  of  the  stored  energy 
to  the  line  and  since  it  is,  on  the  other  hand,  not  safe  to  dispense 
with  the  mechanical  brakes  altogether,  the  additional  gain  in 
regenerative  power  made  possible  by  a  system  as  shown  in 
Pig.  20  would  hardly  warrant  the  addition  of  a  booster  to  the 
equipment,  espec  ally  since  the  losses  of  a  relatively  large  booster 
set  are  likely  to  exceed  the  gain  made  by  regenerating  at  the 
lower  speeds. 
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A  variable  voltage  system  has,  however,  other  ach 
which  make  its  consideration  worth  while.  The  exisl 
variable  voltage  permits  acceleration  without  rheostati 
introducing  thereby  further  economy  in  power  consu 
Further,  it  is  possible  to  eliminate  from  the  vehicle  a  cons 
number  of  switches  now  used  in  the  main  circuits  for 
out  resistance  and  for  effecting  series-parallel  control 
use  in  their  stead  very  small  switching  devices  in  the  1 
the  booster  set.  The  resistance  grids  proper  may  also  I 
inated.  These  latter  features,  largely  compensate  for  tl 
complication  and  weight  of  the  booster  set. 

Instead  of  only  reducing  the  line  voltage  by  the  1 
it  is,  of  course,  possible  to  reverse  the  shunt  field  of  the 
machine  and  make  the  booster  add  voltage  to  the  line  ^ 
It  has  been  pointed  out  previously  that  the  use  of  higher  \ 
for  regeneration  permits  the  use  of  stronger  field  currei 
smaller  armature  currents  during  regeneration,  which,  i 
means  a  smaller  r.m.s.  current  in  the  motor  armatun 
under  otherwise  equal  conditions,  somewhat  smaller 
motors.  This  latter  advantage,  however,  can  only  be  1 
if  the  motors  are  designed  for  higher  voltages  across  th 
mutator,  which,  as  a  rule,  is  not  very  easy  with  some  of  the 
ard  railway  motor  voltages.  Under  special  conditions,  ho 
advantage  may  be  taken  of  this  point. 

In  spite  of  the  above  advantages,  the  system  of  Fig.  20 
sents  hardly  a  practical  solution,  because  with  thissyst 
booster  set  has  to  be  quite  large  and  heavy.  It  will  be  see 
the  booster  armature  B  carries  the  full  motor  current  all  t± 
and  that  its  voltage  varies  between  zero  and  the  full 
voltage.  The  current  capacity  is,  therefore,  equal  to  that 
main  motors,  and  while  the  average  voltages  are  less  th; 
line  voltage,  the  maximum  magnetic  sections  and  fiel< 
must  at  least  be  such  as  to  carry  temporarily  the  mas 
fluxes  and  exciting  currents.  The  total  capacity  of  the  b 
must,  therefore,  be  only  slightly  less  than  the  total  of  the 
motors,  and  somewhat  similar  conditions  apply  to  the 
ture  N. 

There  are,  however,  a  number  of  possibilities  for  mat< 
reducing  the  booster  size.  It  is,  for  instance,  quite  pc 
to  keep  the  booster  in  circuit  only  while  the  motor  volt 
different  from  the  line  voltage  during  the  first  part  of  acc 
tion  and  the  last  part  of  retardation,  and  to  connect  the  n 


1917]  HELLMUND:  REGENERATIVE  BRAKING  45 


directly  to  the  line  the  rest  of  the  time.  This  will  materially 
reduce  the  r.m.s.  current  in  the  booster  set. 

Another  possibility  is  to  adopt  series-parallel  control  of  the 
motors  and  take  full  advantage  of  field  control,  which  will  fur- 
ther materially  decrease  the  r.m.s.  currents  furnished  by  the 
booster  set.  The  introduction  of  series-parallel  control,  on  the 
other  hand,  eliminates  one  of  the  main  advantages  of  booster 
control,  namely,  simplicity  in  the  control  and  small  number 
of  switches. 

Another  possibility  for  reducing  the  booster  size  is  shown  in 
Fig.  21,  which  reproduces  a  system  which  has  been  tried  out 
in  Paris  (for  complete  description,  see  Electric  Railway  Journal, 
1914). 

With  this  system  two  motors,  each  of  which  is  designed  for 
a  voltage  equal  to  the  line  voltage,  are  connected  in  series 
with  the  booster  B,  which  is  again  connected  to  another  machine 
of  equal  size,  N,  and  a  small  exciter  armature  £.  The  booster 
armature  B  is  connected  between  the  two  motor  armatures. 
In  starting,  the  booster  armature  opposes  the  line  voltage  and 
the  motor  voltages  are  very  low.  Subsequently,  the  booster 
voltage  is  decreased  until  it  is  zero  and  the  voltage  of  the  two 
motors  is  equal  to  the  line  voltage.  Then,  the  booster  voltage 
is  reversed  and  added  to  the  line  voltage  until  the  total  motor 
voltage  equals  twice  the  line  voltage.  Since  the  booster  is, 
however,  connected  between  the  two  armatures,  the  voltage 
to  ground  is  in  no  case  more  than  the  line  voltage  and  the  vol- 
tage across  any  of  the  motor  armatures  is  never  more  than  the 
line  voltage.  Starting  out,  for  instance,  at  the  brush  a  with 
the  line  voltage,  the  armature  A2  will  by  its  counter  e.m.f. 
bring  the  voltage  at  the  brush  b  down  to  ground  voltage.  The 
booster  B  will  bring  it  up  to  line  voltage  again  at  brush  c  and 
the  armature  Ax  will  by  its  counter  e.m.f.  bring  it  down  to  the 
ground  voltage  again  at  brush  d.  The  armature  B  carries, 
however,  in  this  case,  for  the  same  total  motor  capacity,  only 
half  as  much  current  as  in  the  case  of  Pig.  20,  where  if  two 
motors  were  used  the  armature  B  would  have  to  carry  double 
motor  current.  The  booster  set  of  Fig.  21  is,  therefore,  only 
about  half  as  large  in  capacity  as  in  Fig.  20. 

Fig.  22  shows  another  possibility  for  reducing  the  size  of  the 
set.  In  the  previous  figures,  the  booster  set  may  be  compared 
with  a  voltage  transformer,  with  two  separate  circuits.  With 
the  connections  in  Fig.  22,  the  booster  set  may  be  compared 
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with  an  auto-transformer,  and  it  has  the  same  advantages  over 
the  other  systems  which  an  auto-transformer  has  over  a  two- 
coil  transformer.  If  we  assume,  for  instance,  in  Fig.  22,  a  start- 
ing condition  with  nearly  zero  voltage  on  motor  armature  A, 
we  will  find  that  nearly  all  the  current  is  furnished  by  the  arma- 
ture N,  while  the  current  in  the  armature  B  is  nearly  zero. 
At  half  line  voltage  the  motor  current  will  be  furnished  about 
one-half  by  the  armature  N  and  one-half  by  the  armature  B. 
At  full  motor  voltage,  armature  B  will  carry  nearly  the  full 
current,  while  armature  N  has  practically  no  current.  While, 
therefore,  each  of  the  two  armatures  still  has  to  be  designed 
for  a  maximum  voltage  equal  to  the  line  voltage,  it  will  be  seen, 


for  instance,  that  the  current  in  the  booster  armature  B  varies 
between  zero  and  the  full  motor  current,  instead  of  being  the 
full  motor  current  continuously,  as  in  the  system  of  Fig.  20. 
Consequently,  the  r.m.s.  capacity  of  the  booster,  as  well  as  that 
of  the  other  machine  N,  would  be  very  much  smaller. 

By  properly  combining  two  or  more  of  the  possible  funda- 
mental principles  for  reducing  the  booster  size,  it  is  quite  practi- 
cable to  make  the  set  so  small  that  the  booster  system  may  work 
out  to  be  quite  advantageous  with  regard  to  both  weight  and 
cost  considerations. 

By  combining  various  possible  methods  of  excitation  with 
the  various  methods  of  booster  connections,  a  very  large  number 
of  possible  combinations  can  be  devised,  a  great  many  of  which 
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are  very  promising  for  practical  application.  Further  possi- 
bilities are  introduced  by<  influencing  the  motor  characteristic 
by  properly  compounding  not  only  the  exciter  but  also  one  or 
both  of  the  booster  machines.  Fig.  23  shows,  for  instance, 
series  fields  Q  and  S  for  these  machines,  which  are  so  arranged 
that  an  increasing  regenerative  current  in  the  armature  A  will 
decrease  the  voltage  of  B  and  increase  the  voltage  of  N,  thereby 
increasing  the  motor  voltage  and  counteracting  a  further  in- 
crease of  regenerative  current. 

The  possibility  of  governing  the  main  generator  voltage  to 
a  large  extent  by  the  amount  of  the  regenerative  current,  as 
shown  in  Fig.  23,  introduces  even  a  possibility  of  obtaining  a 
fairly  stable  condition  with  a  series  generator,  as  shown  in  Fig.  24. 
We  assume,  for  instance,  that  when  regeneration  is  desired  the 
main  generator  field  F  is  reversed.  The  field  P  may  now  be 
connected  to  induce  in  the  armature  N  a  slight  voltage  in  line 
with  that  of  the  line  voltage,  and  the  field  0  induces  in  the  arma- 
ture B  a  voltage  slightly  in  excess  of  the  line  voltage.  The  small 
voltage  in  the  armature  N  will  now  cause  the  main  generators 
to  pick  up  as  series  generators.  As  soon,  however,  as  the  re- 
generated current  becomes  an  appreciable  amount,  the  field 
R,  being  arranged  to  oppose  the  winding  P,  will  reverse  the 
voltage  in  the  armature  N  so  that  it  opposes  the  voltage  of  the 
armature  A  and  further  increases 'of  regenerated  current  are 
prevented.  The  field  S  is  arranged  to  decrease  at  the  same  time 
the  voltage  of  the  booster  armature  B.  This  same  effect  of  the 
windings  Q  and  S  will  prevent  excessive  regenerated  currents 
in  case  of  changes  of  the  line  voltage.  A  drop  in  the  line  voltage, 
for  instance,  will  tend  to  increase  the  regenerated  current. 
Such  a  tendency  will,  however,  be  at  once  counteracted  by  changes 
in  the  distribution  of  voltage  between  N  and  Bt  as  described 
before.  It  is  also  a  fact  that  slight  increases  in  regenerated 
current  with  the  connections  as  shown  in  Fig.  24  are  not  so  very 
objectionable,  because  for  a  given  connection  of  the  field,  the 
ratio  of  armature  to  field  ampere-turns  is  always  constant  by 
necessity  in  a  series  generator. 

A  booster  control  used  for  both  acceleration  and  retardation 
has,  of  course,  the  disadvantage  that  the  operation  of  the  entire 
vehicle  is  dependent  upon  the  additional  booster  set,  and  for 
this  reason  railway  men  may  be  somewhat  reluctant  at  the  pres- 
ent time  to  introduce  such  a  control,  and  will  possibly  prefer 
systems  requiring  an  exciter  set  only  and  arranged  so  that  the 
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motor  operation  is  not  dependent  upon  the  operation  of  the 
exciter. 

Another  disadvantage  of  the  booster  systems  is  that  both 
machines  of  the  booster  set  are  provided  with  shunt  windings, 
making  the  machines  rather  subject  to  flash-overs  and  requiring 
special  precautions  in  the  design,  and  possibly  the  addition  of 
neutralizing  cross-field  windings. 

The  systems  discussed  so  far  are  all  worked  out  with  the  idea 
of  using  standard  or  practically  standard  railway  motors.  When 
this  condition  is  not  imposed,  further  possibilities  are  made  avail- 
able. Satisfactory  regenerative  systems  might,  for  instance, 
be  devised  by  the  use  of  compound-wound  main  motors  acting 
as  negative  compound  generators 
during  regeneration,  although, 
as  previously  mentioned,  the  in- 
troduction of  any  shunt  winding 
on  the  main  motors  is  undesir- 
able, not  only  because  it  intro- 
duces complications,  but  also 
because  a  shunt  winding  with 
many  turns  is  subject  to  high- 
voltage  surges  and  consequent 
breakdowns,  and  moreover,  be- 
cause a  shunt  winding  while 
closed  increases  materially  the 
damping  effect  upon  the  fields 
and  the  flashing  tendencies  of1 
the  motors.  Such  difficulties  can, 
however,  be  taken  care  of  by  the  proper  control  and  neutraliz- 
ing cross-field  windings  on  the  motor. 

Other  possibilities  consist  in  the  introduction  of  auxiliary 
exciting  brushes  which  are  used  during  regeneration  for  the  pur- 
pose of  setting  up  exciting  currents  in  the  armature. 

The  result  of  regeneration  upon  direct-current  lines  may  at 
times  be  rather  disadvantageous  with  regard  to  voltage  varia- 
tions, as  previously  discussed.  Especially  with  low-voltage 
systems  with  low  density  of  traffic,  voltage  rises  of  10  to  15  per 
cent  above  the  maximum  voltages  otherwise  obtained  are  not 
at  all  unlikely  in  a  great  manv  cases.  Unless  such  voltage 
rises  are  premissible  for  all  apparatus  on  the  line,  the  only 
remedy  is,  in  such  cases,  increased  line  and  feeder  copper,  or 
some  equivalent  means  for  taking  care  of  this  condition. 
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With  direct-current  systems,  regeneration  may  be  also  dis- 
advantageous in  certain  cases  of  existing  substations.  While 
with  up-to-date  converting  and  generating  machines  which  are 
all  equipped  with  commutating  poles,  reverse  load- can,  as  a 
rule,  be  easily  taken  care  of,  this  is  at  times  not  the  case  with 
non-commutating  pole  apparatus  which  is  dependent  upon  a 
certain  shifting  of  the  brushes  out  of  neutral  to  commutate 
successfully.  With  such  apparatus  when  the  current  reverses, 
the  brush  shift  is  in  the  wrong  direction  and  rather  bad  commuta- 
ting conditions  will  obtain,  which  in  turn  may  lead  to  flashing. 

Alternating-Current  Commutator  Motor  System 
Regeneration  with  alternating-current  commutator  motors 
offers  in  certain  respects  less  difficulty,  in  other  respects  more 
difficulty,  than  regeneration  with  direct-current  commutator 
motors. 

Since  alternating-current  commutator  motors  are  always  pro- 
vided with  cross-field  windings  preventing  armature  distortion, 
and  since  they  always  have,  moreover,  relatively  low  commuta- 
tor voltage,  the  flashing  difficulty  is  largely  eliminated.  For 
the  same  reason  the  danger  of  over-voltages  is  minimized,  and 
operation  at  voltages  appreciably  above  the  voltages  used  for 
motoring  is  usually  permissible. 

The  alternating-current  system  also  has  the  advantage  that 
the  existence  of  a  transformer  on  the  vehicle  makes  the  variation 
of  the  motor  voltage  very  easy.  This,  in  turn,  means  that  weak- 
ened fields  at  high  speeds  are  not  a  necessity  and  that  regenera- 
tion at  all  speeds  down  to  standstill  can  be  accomplished  with 
any  desired  field  strength,  the  only  limitation  being  imposed 
by  commutation  considerations,  much  the  same  as  during 
motoring.  This  permits  the  obtaining  of  any  desired  torque  with 
any  desired  speed,  with  the  armature  and  field  currents  adjusted 
to  obtain  minimum  r.m.s.  currents  in  either  member.  In  gen- 
eral, therefore,  it  will  be  possible  to  effect  regeneration  with  a 
lower  r.m.s  current  in  the  armature  than  in  the  case  of  the  direct- 
current  systems  with  limited  voltage  range. 

On  the  other  hand,  additional  problems  are  introduced,  due 
to  the  fact  that  the  characteristic  of  the  regenerating  voltage 
must  not  only  be  right  with  regard  to  its  size  but  it  must  also 
be  correct  in  phase.  Another  difficulty  is  to  obtain  proper 
commutating  characteristics  for  all  speeds  during  regeneration, 
this  latter  problem  being,  in  general,  identical  with  the  commuta- 
tating  problem  of  single-phase  motors  during  acceleration. 
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The  proper  excitation  of  the  generators  during  regeneration 
may  be  obtained,  in  connection  with  alternating-current  com- 
mutator motors,  in  three  ways: 

1.  By  the  use  of  a  separate  exciter  as  in  the  case  of  the  direct- 
current  exciter  systems. 

2.  By  the  application  of  exciter  brushes  on  the  main  motors. 
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Fig.  25 


3.  By  reversing  the  main  fields  of  the  motors  and  by  operat- 
ing the  motors  as  load-excited  (series)  generators. 

A  system  of  the  first  kind  is  shown  in  Fig.  25.  In  order  to 
induce  a  regenerated  voltage  of  the  proper  phase,  the  main 
field  of  the  generators  must  be  about  in  phase  with  the  line 
voltage.  Since  the  field  is  purely  inductive,  the  exciter  voltage 
impressed  upon  the  field  must  be  shifted  90  deg.  against  the  line 
voltage.    This  condition  can  be  fulfilled  by  connecting  the  ex- 
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citer  as  shown  with  its  fields  connected  to  the  line  voltage;  the 
exciter  field,  being  almost  purely  inductive,  will  have  a  phase 
90  deg.  shifted  against  the  line  voltage,  and  will  also  induce 
in  the  exciter  armature  a  voltage  shifted  90  deg.  against  the  line 
voltage,  as  required. 

On  account  of  the  various  ohmic  and  inductive  drops  of  the 
system,  a  slight  phase  adjustment  is  necessary  and  may  be  ac- 
complished by  adding  a  small  part  of  the  line  transformer  volt- 
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age  to  the  excitation  of  the  main  field,  as  shown  in  Pig.  26.  By 
properly  adjusting  the  phase  of  the  excitation  voltage,  power 
factor  compensation  can  be  accomplished  to  a  certain  degree. 

One  of  the  principal  handicaps  of  the  systems  just  described 
is  that  the  exciter  has  to  be  rather  large,  because  on  account 
of  the  inductive  effect  of  the  main  generator  field,  a  large  amount 
of  kilovolt-amperes  is  required  for  its  excitation. 

A  practical  application  of  a  system  in  which  the  exciting 
current  was  furnished  by  an  alternating-current  generator  was 
made  on  a  locomotive  built  several  years  ago  for  the  Midi 
Railway  in  France.  This  locomotive  was  equipped  with  only 
two  large  motors,  one  of  which  was  used  as  exciting  generator 
for  the  other  motor  during  regeneration.  The  system  worked 
very  satisfactorily  but  was  later  abandoned  by  the  railway  com- 
pany in  favor  of  dynamic  resistance  braking,  because  abundant 
water  power  was  available  and  because,  therefore,  no  advantage 
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could  be  secured  by  regeneration  which  could  not  be  secured 
by  a  simpler  arrangement  for  dynamic  resistance  braking. 
Another  handicap  in  this  particular  case,  with  only  two  motors 
on  the  locomotive,  one  of  which  was  serving  as  an  exciter, 
was  that  only  half  of  the  total  motor  capacity  was  available 
for  braking  purposes.  On  locomotives  with  a  greater  number  of 
motors  this  condition  changes,  of  course,  and  a  similar  system 
with  one  motor  out  of  a  large  number  of  motors  serving  as  an 
exciter  would  give  very  satisfactory  results. 

Whenever  all  motors  are  to  be  used  for  regeneration,  the  handi- 
cap of  too  large  a  separate  exciter  might  be  eliminated  to  a  great 
extent  by  applying  a  system  in  which  the  exciter  furnishes  only 
the  difference  between  the  load  current  and  the  exciter  current, 
as  shown  in  Fig.  27.  As  previously  pointed  out,  it  is  possible 
in  an  alternating-current  system,  on  account  of  the  existing 
possibility  of  voltage  regulation,  to  maintain  any  desired  ratio 
of  field  to  armature  current.   By  choosing  this  ratio  as  near  as 
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possible  to  1:1,  the  average  current  furnished  by  the  exciter 
can  be  kept  very  small,  and  although  its  voltage  has  to  corres- 
pond to  the  necessary  field  voltage,  the  machine  can  be  kept 
fairly  small  in  size. 

There  is  danger,  however,  with  the  system  of  Fig.  27,  that  in 
case  of  a  power  interruption  or  even  during  normal  operation 
the  main  motor  might  pick  up  as  a  direct-current  series  generator 
short-circuited  by  the  secondary  transformer  winding. 

By  separating  the  field  conductively  from  the  armature  and 
connecting  it  in  series  with  the  stator  cross  field,  as  may  be  done, 
for  instance,  in  the  case  of  a  repulsion  connection,  the  possibility 
of  direct  currents  may  be  eliminated.  It  is  still  possible,  however, 
for  low-frequency  regenerated  currents  to  be  set  up  under  certain 
conditions,  unless  special  means  for  their  elimination  are  devised, 
A  regenerative  system  of  the  second  kind,  with  the  main 


motors  acting  as  armature  (self)  -excited  generators,  is  shown 
in  Fig.  28.    The  operation  of  this  system  is  as  follows: 

Assume  that  with  the  motors  rotating  at  a  certain  speed  the 
cross-field  circuit  X  is  connected  to  the  line.  It  is  evident 
that  a  cross  field  will  be  set  up,  the  size  of  which  is  essentially 
governed  by  the  number  of  cross-field  turns  and  the  voltage 
impressed  upon  the  cross  field  X.  The  phase  of  the  cross  field 
is  shifted  90  deg.  against  the  line  voltage.  This  cross  field  will 
naturally  induce  by  rotation  a  voltage  between  the  exciter 
brushes  b  6,  which  is  proportional  to  and  in  phase  with  the  cross 
field.  If  we  now  close  the  exciter  circuit,  this  voltage  will  set 
up  a  magnetizing  current  which,  in  turn,  excites  the  field  along 
the  axis  m  m.  Since  the  circuit  is  practically  purely  inductive, 
the  magnetizing  current  as  well  as  the  field  will  be  shifted  90 
deg.  against  the  voltage  induced  between  the  brushes  b  b  and, 
therefore,  shifted  180  deg.  against  the  line  voltage.  This  field 
will,  therefore,  induce  a  voltage  in  the  armature  between  the 
working  brushes  a  a  which  is  opposite  to  the  transformer  volt- 
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age.  The  value  of  the  generated  e.m.f .  can  easily  be  adjusted  by 
adjusting  the  voltage  impressed  upon  the  cross-field  circuit  and 
making  it  sufficiently  in  excess  of  the  impressed  effective  armature 
voltage  so  that  regenerated  currents  are  furnished  to  the  trans- 
former. The  small  transformer  winding  T%  in  the  armature 
exciting  circuit  is  provided  for  the  purpose  of  correctly  adjusting 
the  phase  of  the  exciting  field,  which  is  somewhat  influenced 
by  the  ohmic  drops,  etc.,  in  the  exciting  circuits. 

Such  a  system  is  advantageous  insofar  as  it  eliminates  the 
necessity  of  auxiliary  rotating  apparatus  for  regeneration.  It 
also  permits  of  power  factor  compensation  during  regeneration, 
and  possibly  during  motoring,  within  certain  limits. 

The  system  is,  however,  handicapped  due  to  the  fact  that  the 
armatures  and  also  the  commutators  for  the  main  motors  have 
to  be  increased  in  capacity  because  they  carry  the  exciting 
currents  in  addition  to  the  load  currents.  This,  in  view  of  the 
space  limitations  existing  for  the  main  motors  in  connection 
with  railway  work,  is  quite  a  serious  handicap.  Another  dis- 
advantage of  the  system  is  the  necessity  of  additional  brushes 
around  the  commutator.  With  the  large  number  of  brushes 
inherent  with  single-phase  motors,  even  of  the  stator-excited 
type,  the  addition  of  extra  sets  of  exciter  brushes  becomes 
in  many  practical  applications  a  rather  serious  problem. 

Both  of  the  previous  systems  have  essentially  a  shunt  character- 
istic but  the  current  curves  are  not  as  flat  as  they  would  be 
with  a  direct-current  shunt  machine,  on  account  of  the  reactive 
drops  present  in  alternating-current  machines  and  in  the  rest 
of  the  system  in  addition  to  the  ohmic  drops.  Since,  more- 
over, the  low  voltage  of  alternating-current  motors,  and  the 
absence  of  armature  distortion,  make  flashing  unlikely,  the  curves 
obtained  with  these  systems  are  satisfactory  in  many  cases. 
The  excitation  is  in  both  cases  proportional  to  the  line  voltage, 
so  that  variations  in  the  latter  are  always  compensated  by 
proportional  variation  in  the  field  strength. 

When  desirable,  steeper  curves  can  be  obtained  for  the  sepa- 
rate exciter  system  as  shown  in  Fig.  29,  and  for  the  self-exciting 
system  as  shown  in  Fig.  30. 

The  small  transformer  T%$  as  shown  in  Fig.  29,  being  connected 
in  series  with  the  load  current,  is  arranged  so  that  its  secondary 
voltage  subtracts  from  the  exciter  voltage.  An  increase  in  load, 
therefore,  means  decreased  exciter  voltage  and  decreased  gener- 
ator voltage.  In  other  words,  we  obtain  a  negative  compound 
characteristic  which  in  its  purpose  and  effect  is  similar  to  such 
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a  characteristic  when  obtained  in  connection  with  direct-cur- 
rent motors. 

The  working  principle  of  Fig.  30  is  as  follows: 

The  stator  field  connected  in  series  with  the  load  current  is 
arranged  to  oppose  the  magnetizing  effect  of  the  armature 
magnetizing  circuit.  If,  therefore,  the  load  increases,  the  nega- 
tive magnetizing  effect  of  the  stator  field  increases.  On  the  other 
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hand,  itjnust  be  considered  that  the  voltage  induced  by[rotation 
between  the  exciter  brushes  has  remained  unchanged.  The 
demagnetizing  effect  of  the  stator  ampere-turns  will,  therefore, 
tend  to  set  up  increased  magnetizing  turns  in  the  armature 
exciting  circuit.  This  in  turn,  will  increase  the  part  of  the  ex- 
citing voltage  taken  up  by  the  inductance  /,  leaving  only  a 
smaller  part  of  the  total  voltage  generated  by  rotation  to  be 
consumed  by  the  self-induction  of  the  main  field  in  the  armature. 


Fig.  30 


This,  in  turn,  means  that  the  main  field  must  be  smaller  than 
before  and  that,  therefore,  lower  working  voltage  is  induced. 

In  this  manner  it  is  possible  to  obtain  any  desired  amount  of 
compound  characteristic. 

The  third  possibility  for  obtaining  regeneration  by  reversing 
the  main  field  of  an  alternating-current  series  motor,  for  instance, 
is  rather  interesting  insofar  as  such  an  alternating-current  series 
venerator  acts  in  a  way  entirely  different  from  a  series  direct- 
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current  generator.  A  suddenly  decreased  line  voltage  will  not 
increase  the  regenerated  current  of  the  line  frequency  as  in  the 
case  of  direct  current,  but  will  tend  to  decrease  it.  Similarly,  an 
increased  speed  will  decrease  this  regenerated  current.  These 
changed  conditions  are  brought  about  by  the  inductive  drops  of 
the  machine  and  their  phase  relations  to  the  load  current, 
especially  the  large  inductive  drop  of  the  main  field.  While  this 
characteristic  of  the  alternating-current  series  generator  would 
make  its  use  for  regeneration  possible,  other  difficulties  have  to 
be  overcome  for  a  practical  solution  along  these  lines.  The  sys- 
tem is  handicapped  by  the  strong  tendency  of  the  generators  to 
pick  up  as  direct-current  generators  with  the  secondary  trans- 
former winding  serving  practically  as  a  short  circuit.  Even  if 
direct  currents  are  made  impossible  as  in  the  case  of  a  repulsion 
motor,  there  is  a  strong  tendency  for  low-frequency  currents  to 
be  set  up,  causing  trouble.  In  view  of  these  and  other  difficulties, 
this  method  of  regeneration  has  so  far  not  been  seriously  con- 
sidered for  railway  application  in  this  country,  and  a  detailed 
discussion  of  its  theory  is,  therefore,  hardly  within  the  scope  of 
this  paper.  Undoubtedly,  it  has,  however,  certain  possibilities 
for  the  future. 

The  difficulty  of  connecting  alternating-current  generators  to 
the  line  is  materially  reduced  as  compared  to  direct-current 
motors  because  the  inductive  effects  of  an  alternating-current 
system  materially  reduce  the  tendency  towards  current  peaks. 
The  introduction  of  a  certain  amount  of  compound  character- 
istic by  the  means  previously  described  will,  of  course,  further 
assist  in  keeping  current  peaks  down. 

The  various  considerations  and  methods  possible  to  take 
care  of  proper  commutation  during  regeneration  are  very  numer- 
ous, so  that  a  complete  analysis  of  them  would  easily  take  as 
much  space  as  the  present  paper.  It  is,  therefore,  considered 
advisable  to  dispose  of  this  subject  by  merely  stating  that  satis- 
factory commutation  can  be  obtained  during  regeneration, 
although  certain  complications  in  the  control  may  have  to  be 
introduced  for  this  purpose,  under  certain  conditions. 

The  considerations  in  connection  with  regenerative  control 
referring  to  the  transmission,  transforming  and  generating 
systems  are  with  single-phase  commutator  motors  no  different 
from  these  previously  discussed  in  connection  with  the  three- 
phase  and  the  phase-converter  system;  in  other  words,  there 
is  usually  no  particular  difficulty  and  the  changed  conditions 
can  be  taken  care  pf  by  very  few  and  simple  safety  devices. 
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Vapor  Converter  System 
The  use  of  vapor  converters  in  connection  with  electric  rail- 
ways, while  not  of  present  commercial  importance,  may  be  so 
in  the  future,  and,  therefore,  may  be  mentioned  briefly  in  this 
connection. 

When  a  vapor  converter  is  used  in  a  substation,  conditions  are 
much  the  same  as  in  ordinary  direct-current  systems.  One 
difference  is,  however,  that  the  regenerated  power  coming  back 
at  times  to  the  substation  in  the  case  of  rotating  converting 
apparatus  can  readily  be  returned  to  the  alternating-current 
generating  system  and  used  up  by  other  loads  of  this  system, 
while  with  the  present  practical  forms  of  vapor  converters 
this  is  not  possible.  It  is,  therefore,  necessary  to  dissipate  a 
larger  percentage  of  regenerated  power  in  the  substations  by 
resistances.  On  the  other  hand,  the  vapor  converter  substation 
is  free  from  certain  dangers  caused  by  voltage  rises  in  substations 
with  rotary  apparatus  as  previously  discussed. 

When  the  vapor  converter  is  used  on  the  vehicle,  the  problem 
of  regeneration  seems,  at  least  at  the  present  time,  rather  diffi- 
cult. While  certain  suggestions  have  been  made  for  rectifying 
devices,  transforming  direct-current  power  into  alternating- 
current  power,  their  commercial  development  seems  to  be  far  off. 
The  only  possible  way  for  returning  regenerated  direct-current 
power  to  an  alternating-current  line  seems  to  be,  therefore,  the 
addition  of  a  small  synchronous  converter  or  motor-generator 
set  to  be  installed  on  the  vehicle  and  used  during  regeneration. 
Such  a  solution  of  the  problem  appears,  of  course,  to  be  cumber- 
some, heavy  and  complicated. 

Conclusions 

In  view  of  the  numerous  possibilities  for  successful  regeneration, 
only  a  few  of  which  have  been  considered  in  this  paper,  it  is 
to  be  expected  that  regenerative  braking  will  soon  assume 
great  commercial  importance.  It  should,  therefore,  be  exhaus- 
tively considered  in  any  new  electrification,  and  the  time  is  ap- 
proaching when  its  possible  application  should  be  investigated 
for  the  larger  existing  non-regenerative  installations.  In  view 
of  the  practical  advantages  of  regeneration  for  heavy  railroad 
work,  it  is  even  quite  likely  that  regeneration  will  in  time  become 
one  of  the  factors  which  will  win  some  railroads,  now  operated 
by  steam,  over  to  the  electric  cause. 
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Discussion  on  "Regenerative  Braking  op  Electric  Ve- 
hicles" (Hellmund),  Pittsburgh,  Pa.,  Jan.  12,  1917. 
Robert  Lundell:  My  experience  goes  back  as  far  as  1895, 
when  I  first  commenced  to  experiment  quietly  with  small 
regenerative  motors  for  vehicle  purposes.  The  motors  I  started 
with  were  compound  wound,  and  I  confined  my  experiments  to 
series-parallel  control,  of  course,  because  at  that  time  the  ad- 
justable-speed motor  was  not  good  enough  to  give  a  sufficiently 
wide  range  of  speed,  so  that,  my  first  motors  were  sometimes 
furnished  with  double  commutators — that  is,  each  motor  was 
furnished  with  double  commutators  and  double  armature  wind- 
ings with  two  motors  in  combination,  giving  practically  a  speed 
ratio  on  the  motor  curve  of  1  to  8.  That  is  to  say,  the  motor 
was  capable  of  speeding  up  to  twice  its  normal  ^speed  by  weaken- 
ing the  field.  Then  the  commutators  were  put  in  series-parallel, 
and  finally  four  commutators  were  put  in  parallel,  giving  an 
effective  speed  range  on  the  motor  curve  of  approximately  1  to 
8.  These  were  experiments  made  in  the  construction  of  a  street 
railway  equipment,  which  I  believe  I  designed  about  the  year 
1899.  The  equipment — which  was  a  full-size  railway  equipment 
of  two  35-h.p.  motors — had  certain  curious  features,  for  instance, 
the  field  structure  was  laminated  throughout.  The  field  was 
compound  wound,  and,  of  course,  I  had  found  that  it  was  neces- 
sary when  starting,  using  the  motors  as  motors,  to  start  with  a 
very  strong  shunt  field.  This  was  first  weakened  to  about  half- 
field  strength,  then  came  the  series-parallel  connection  which 
weakened  the  field  again,  and  finally  in  the  parallel  connection 
the  fields  were  weakened  again  after,  of  course,  first  being 
started  strong. 

It  was  found  necessary  to  obtain  on  the  lower  speed-ranges, 
a  characteristic  similar  to  the  ordinary  shunt  characteristic,  so 
as  to  drive  home  to  the  line,  when  regenerating,  the  greatest 
amount  of  amperes  at  the  lowest  possible  speed;  in  other  words, 
the  compound  or  the  differential  characteristic  did  not  appear 
to  any  great  extent  until  the  series-parallel  connection  was 
reached ;  that  is  to  say,  when  I  had  four  commutators  in  series, 
the  field  characteristic  was  practically  that  of  a  shunt-wound 
motor.  In  the  series-parallel  connection  the  fields  were  changed, 
so  that,  when  motoring  they  had  a  fairly  strong  compound- 
motor  characteristic,  and  of  course  differential  as  generators,  or, 
negative  compound.  In  the  final  parallel  position  it  was  neces- 
sary to  have  the  motors  run  well  and  divide  the  load  properly, 
and  I  therefore  gave  them  considerable  compounding  with  ap- 
proximating series  characteristic  at  top  speed.  We  found  it 
worked  very  well,  and  this  equipment  was  tested  at  Newcastle 
in  the  year  1902. 

Before  I  left  New  York,  I  dug  out  a  report  by  the  well  known 
engineer  Mr.  H.  F.  Parshall,  made  in  August,  1902,  which  says: 

"It  appears  from  these  tests  that  under  the  particular  con- 
dition at  Newcastle  the  total  energy  consumed  by  your  equip- 
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ment  was  25  per  cent  less  than  that  for  a  standard  equipment 
working  under  the  same  conditions.' ' 

After  testing  this  equipment  which  was  compound  wound, 
having  shunt  coils  wound  with  fine  flat  strands,  I  quickly  made 
up  my  mind  it  was  not  the  best  way  to  solve  the  problem.  I 
believed  that  the  right  way  to  solve  it  was  to  use  a  separate 
low-voltage  exciter  in  connection  with  an  ordinary  series  motor 
and  I  patented  such  a  contrivance  in  the  year  1900. 

I  will  describe  this  arrangement,  shown  in  Fig.  1.  There  is 
a  separate  or  independent  excitation  from  a  small  motor-gener- 
ator superimposed  on  the  excitation  from  the  ordinary  series 
coil.  In  motoring  this  apparatus  acts  as  a  diverter  of  the 
field  current,  causing  the  equipment  to  speed  up,  as  you 
move  the  controller  from  the  first  to  the  last  notch  in  the  series 
position,  which  in  turn  means  that  the  field  has  been  weakened  to 
about  half  of  the  normal  strength.  Now,  we  are  ready  to  throw 
the  motors  over  into  the  parallel  position,  and  the  motor-generator 
is  again  caused  to  give  the  full  voltage.  I  tried,  as  far  as  pos- 
sible, to  avoid  any  resistance  in  series  with  the  main  motor 
circuit,  so  that,  while  I  admire  a  good  many  of  the  combina- 
tions suggested  by  Mr.  Hellmund,  I  think  his  arrangement  No. 
14  seems  a  trifle  too  inefficient  to  be  seriously  discussed  to-day. 
We  have,  as  I  see  it  there,  without  studying  the  diagram  very 
closely,  the  regenerated  current  going  through  the  entire  regu- 
lating resistance.  Now,  in  order  to  speed  up  the  equipment, 
it  is  necessary  to  have  a  sufficient  amount  of  regulating  resistance, 
at  least  equal  to  the  resistance  of  the  field  windings,  otherwise 
we  could  not  possibly  speed  up  to  twice  the  normal  speed. 
This  in  turn  means  an  extra  resistance  in  the  main  circuit 
causing  considerable  loss  when  we  have  heavy  currents  to  deal 
with. 

I  was  looking  for  some  comparative  figures  in  this  paper  by 
Mr.  Hellmund  as  to  the  amount  of  current  which  he  thinks  it 
might  be  possible  to  regenerate  in  a  large  equipment,  but  I  did 
not  find  any,  and  so  I  brought  along  another  book  which  de- 
cribes  another  equipment  which  I  was  partly  responsible  for. 
This  equipment  was  tested  in  1907  at  Solingen,  in  Germany, 
and  we  did  a  good  deal  better.    It  says: 

"The  average  net  input  of  the  respective  cars  for  the  three 
runs  of  the  first  mentioned  test  was  as  follows:  'Standard 
input  =  3.37,  Time  =  986  seconds,  Regenerative  input  =  2.21  Time 
=  994  seconds.'  Showing  a  net  saving  of  34.4  per  cent.  Taking 
the  grand  average  of  the  total  runs,  that  is,  seven  of  the  regener- 
ative and  six  of  the  standard,  the  net  saving  works  out  as  30 
per  cent." 

Comfort  A.  Adams:    What  kind  of  service  was  that? 

Robert  Lundell:  Street  car  service.  These  were  street  car 
equipments.  I  never  designed  anything  larger  than  that.  Most 
all  of  the  motors  described  or  hinted  at  by  Mr.  Hellmund  deal 
with  the  old  fashioned  type  of  apparatus,  including,  of  course, 
the  interpole  machines. 
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I  have  recently  had  in  mind  an  entirely  different  type  of 
motor  as  standard  for  regenerative  work,  and  I  wish  to  put  it 
up  for  your  consideration  and  criticism.  In  Fig.  2  each  circle  rep- 
resents simply  an  evenly  distributed  drum  winding,  so  that  the 
inner  circle  means  an  ordinary  bi-polar  armature  in  the  diagram, 
having  a  drum  winding.  The  outer  circle  represents  the  field. 
If  we  look  at  the  latter  it  would  look  like  an  induction-motor 
field  or  a  polyphase  field.  It  is  proportioned  in  such  a  way  that 
the  stator  field  slightly  overpowers  the  rotor  field,  say  in  the 
ratio,  as  I  found,  of  1.06  to  1.  That  is  about  the  right  ratio  for 
good  commutation  under  ordinary  severe  commutating  con- 
ditions. Sending  through  a  line  current,  we  find  the  motor  as 
arranged  has  no  torque,  but  is  a  complete  compensated  machine. 
But,  if  we  take  hold  of  two  points  in  this  winding,  at  90  electrical 
degrees  to  the  axes  of  armature  magnetization  and  connect  these 
to  an  independent  source  of  current  supply,  such  as  the  armature 
of  a  little  motor-generator  set,  and  then  put  in  resistance,  we 


Fig.  1  Fig.  2 


Fig.  3 


can  do  almost  anything  we  like  with  it.  We  can  also  arrange 
the  excitation  in  such  a  way  that  this  little  motor-generator 
set  is  furnished  with  both  shunt  excitation  and  a  series  coil  in 
series  with  the  main  motor  current.  Then  if  we  wipe  out  the 
shunt  excitation,  the  characteristic  of  the  main  motor  will  be 
that  of  a  series  motor.  If  we  short-circuit  the  series  coil,  and 
use  the  shunt  coil,  the  characteristic  of  the  main  machine  is  that 
of  a  shunt  motor  or  separately-excited  motor.  With  thfc  com- 
bination of  both  coils  we  have  the  compound  motor  when 
motoring,  and  the  differential  generator  when  regenerating. 
This  motor  possesses  a  good  many  fine  characteristics.  In  the 
first  place,  we  have  complete  compensation  for  the  armature 
reaction.  The  compensating  field  combines  with  the  excitation 
field  in  such  a  way  that  we  have  at  all  speeds  and  all  loads  a 
perfect  commutating  field.  We  do  not  have  to  worry  much 
about  flash-over,  because  the  time  constants  of  the  field  and  the 
armature  are  nearly  alike  and  because  the  distribution  of  the 
voltage  around  the  commutator  is  far  more  even  than  on  an 
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interpole  machine,  which  is  liable  to  give  trouble  somewhere  on 
the  commutator.  In  connection  with  the  motor-generator,  if 
we  do  not  like  to  have  this  machine  arranged  for  constant  speed 
or  furnished  with  any  shunt  coils,  there  is  another  combination 
which  is  extremely  useful.  This  (see  Fig.  3)  is  a  modification 
of  the  first  arrangement,  using  an  exciter  which  is  a  plain  series 
machine.  The  method  of  regulation  is  simply  this:  As  the 
main  machine  is  thrown  across  the  line  the  motor-generator  set, 
which  has  only  a  series  coil  for  excitation,  is  running  at  its 
maximum  speed.  As  the  main  field  is  weakened,  the  motor- 
generator  commences  to  slow  down,  thereby  giving  a  lower 
voltage  for  excitation,  so  that,  as  the  large  machine  runs  up 
to  maximum  speed,  the  little  exciter  runs  down  in  speed;  in 
other  words,  it  is  running  as  fast  as  possible  just  at  the  moment 
you  start,  and  when  the  big  motor  is  well  under  way,  the  little 
set,  as  you  might  say,  is  loafing,  thereby  saving  wear  and  tear 
etc. 

I  built  a  motor  with  a  22-in.  armature  and  12-in.  core,  which 
was  originally  built  as  a  230-volt  motor,  with  a  speed  variation 
of  1  to  4.  We  ran  that  motor  on  500  volts  and  even  on  1000 
volts,  without  a  sign  of  sparking  at  the  brushes,  the  average 
voltage  at  1000  volts  being  about  35  volts  per  bar. 

E.  F.  W.  Alexanderson:  Nothing  more  need  be  said  about 
the  early  realization  of  the  possibilities  of  using  direct-current 
series  motors  for  regenerative  braking.  It  is  however  not  until 
recently  that  regenerative  braking  has  found  practical  applica- 
tion in  large  scale,  that  is  on  the  Chicago,  Milwaukee  and  St. 
Paul  Railway.  I  believe  that  one  of  the  reasons  why  it  has  not 
been  done  earlier  is  that  the  fundamental  requirements  which 
make  possible  a  practical  electric  braking  system  with  direct 
current  have  not  been  generally  understood. 

When  I  undertook  ten  years  ago  some  experimental  work 
along  these  lines  certain  conclusions  and  basic  principles  were 
arrived  at  and  these  conclusions  have  later  been  confirmed 
through  extensive  tests  on  the  experimental  track  and  have  been 
further  borne  out  by  the  thoroughly  successful  operation  of  the 
regenerative  braking  system  on  the  Chicago,  Milwaukee  and  St. 
Paul  Railroad. 

The  two  requirements  which  must  be  realized  for  a  practical 
braking  system  are  that  the  regenerating  dynamos  should  have 
such  volt-ampere  characteristics  as  to  have  electrical  stability 
and  such  speed-torque  characteristics  as  to  realize  mechanical 
stability.  It  is  as  a  rule  difficult  to  give  an  accurate  and  com- 
prehensive analysis  of  conditions  that  lead  to  stability  or  in- 
stability. While  any  child  knows  that  a  pencil  cannot  be 
balanced  on  its  point  because  this  involves  an  unstable  static 
equilibrium,  it  is  often  difficult  to  explain  what  constitutes 
dynamic  instability.  Briefly,  it  can  be  said  that  dynamic 
instability  is  a  condition  where  a  change  in  one  direction  brings 
into  action  forces  that  cause  a  still  further  change  in  the  same 
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direction.  Thus  is  commenced  a  series  of  increments  and  this 
series  may  be  a  converging  or  diverging  series.  The  latter 
condition  of  a  diverging  series  of  increments  constitutes  dynamic 
instability  and  usually  leads  to  self-sustaining  oscillations.  This 
condition  is  sometimes  classified  as  a  negative  characteristic, 
and  as  an  example  may  be  mentioned  the  electric  arc  or  the 
series  generator.  As  a  condition  of  mechanical  instability  may 
be  mentioned  a  case  where  a  train  is  descending  a  hill  and  the 
brakes  have  such  characteristics  that  the  retarding  force  de- 
creases as  the  speed  increases,  and  vice-versa.  This  condition 
may  lead  to  a  simple  runaway  or  it  may  lead  to  violent  oscilla- 
tions if  two  braking  locomotives  of  such  characteristics  are 
connected  together  in  the  same  train. 

The  series  motor  has  a  stable  electrical  characteristic  for 
reasons  that  are  too  well  known  to  mention,  and  any  electric 
generator  with  a  drooping  voltage  characteristic  is  also  well 
known  to  have  electrical  stability,  whereas  a  differential  com- 
pounded generator  is  inherently  unstable  and  cannot  be  operated 
in  multiple  with  another  compound  generator  without  means  for 
neutralizing  the  instability.    If  a  series  motor  is  to  be  used  as 
a  generator  it  must  obviously  be  a  generator  of  the  type  which 
is  known  to  be  electrically  stable.    The  relations  defining  sta- 
bility already  exist  in  the  motor  connection,  and  therefore  the 
same  relations  with  reference  to  increments  of  currents  must  be 
reproduced  in  the  generator  connection.    The  change  of  the 
absolute  value  of  the  current  may  be  said  to  be  only  equivalent 
to  the  change  of  the  integration  constant  from  positive  to  nega- 
tive, whereas  the  differential  equation  remains  the  same,  giving 
a  slope  of  the  characteristic  curves  in  the  same  direction.  One 
way  of  arriving  at  these  results  is  to  superimpose  upon  the  nor- 
mal motor  currents,  a  current  in  the  field  from  a  source  of  separate 
excitation  which  has  a  drooping  or  flexible  characteristic  so  that 
only  the  absolute  values  of  the  currents  are  changed  while  the 
increment  relations  are  maintained.    As  an  illustration  of  this 
I  wish  to  show  the  characteristic  curves  obtained  from  test 
which  were  originally  made  to  verify  this  theory.    These  curves 
show  that  the  generator  characteristics  are  of  the  same  shape 
as  the  motor  characteristics,  only  they  are  located  in  a  different 
place  which  means  negative  values  of  currents  instead  of  positive, 
whereas,  the  relation  of  increments  is  the  same.    From  the 
analogy  with  the  well  known  characteristics  of  the  series  motor, 
it  is  thus  proven  that  electrical  stability  has  been  established. 
The  characteristics  shown  in  Fig.  4  were  produced  by  the  use 
of  a  separate  exciter  having  a  drooping  characteristic  as  indi- 
cated in  Fig.  19  of  Mr.  Hellmund's  paper.    Any  other  method 
for  arriving  at  these  characteristics  will  obviously  give  similar 
results;  for  instance,  a  constant-voltage  exciter  may  be  combined 
with  a  resistance  as  shown  on  Fig.  5.    In  fact  this  connection 
shown  in  Fig.  5  was  devised  at  the  same  time  and  proven  to 
have  the  characteristic  curves  shown  in  Mr.  Hellmund's  paper 
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in  Fig.  15.  This  connection  is  apparently  in  principle  the  same 
as  the  one  described  by  Mr.  Hellmund  as  being  used  by  the 
Lake  Erie  and  Northern  Railway. 

Several  arrangements  outside  of  those  referred  to  may  be 
used  for  attaining  the  condition  for  electrical  stability  but  in 
each  case  it  must  be  proven  that  the  speed-torque  characteristics 
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Fig.  4 


in  the  regenerating  connection  also  possess  mechanical  stability 
because  as  a  matter  of  fact  electrical  stability  may  exist  under 
conditions  that  give  mechanical  instability.  To  illustrate  this 
point  reference  may  again  be  made  to  a  speed-ampere  diagram 
of  the  usual  kind.  In  Fig.  6  is  drawn  an  arbitrary  set  of  re- 
generation characteristics  which  possess  electrical  stability  over 
the  whole  range.  Yet  as  will  be 
shown  mechanical  stability  exists 
only  over  a  portion  of  each  curve. 
If  on  such  a  diagram  are  drawn 
curves  which  represent  the  con- 
dition bordering  between  mechan- 
ical stability  and  instability,  it  is 
found  that  these  curves  become 
straight  lines  through  the  origin. 
The  condition  defined  is  the  one 
where  a  change  in  speed  does  not 
cause  either  an  increase  or  de- 
crease of  braking  effort.  Thus  each 
of  these  curves  should  represent  a 
condition  of  constant  torque  at 
varying  speeds.  With  a  constant 
trolley-voltage,  it  is  obvious  that 
definite  torque  corresponds  to  cur- 
rents which  are  proportional  to  the  speed  and  thus  the  charac- 
teristic curves  defined  must  be  straight  lines  through  the  origin. 
(See  Fig.  3.)  The  point  on  each  regenerative  characteristic 
which  is  tangent  to  such  a  line  through  the  origin  is  the  limit 
beyond  which  the  curve  is  characterized  by  mechanical  instability 
although  it  is  electrically  stable.  In  order  to  find  what  range  of 
operating  speeds  or  currents  are  possible  with  mechanical  stability 
it  is  therefore  only  necessary  to  draw  the  tangents  through 
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the  origin  for  all  the  characteristic  curves  and  thereby  find  the 
locus  for  relations  between  currents  and  speeds  which  may  be 
used  with  mechanical  stability.  The  correctness  of  this  theory 
has  been  proven  in  practise,  as  it  was  found  that  mechanical 
oscillations  were  created  if  the  regenerative  characteristics  were 
such  that  the  theoretical  range  of  mechanical  stability  was 
exceeded. 

Summing  up  the  conclusions  through  two  simple  analogies,  we 
may  say  that  if  the  regenerative  braking  system  behaves  like 
a  shunt  motor  with  the  brushes  shifted  backwards,  then  it  is 
electrically  unstable,  and  if  it  behaves  like  an  induction  motor 
beyond  the  breakdown  then  it  is  mechanically  unstable.  In 
other  words  it  should  behave  electrically  like  a  series  motor  and 
while  it  is  too  much  to  ask  that  it  should  also  behave  mechanic- 
ally like  a  series  motor  we  must  be  satisfied  if  it  behaves  like 
an  induction  motor  will  on  the  breakdown  torque. 


The  previous  analysis  shows  that  the  series  motor  when  used 
for  regeneration  has  in  essential  respects  the  same  characteristics 
as  the  plain  motor,  and  therefore  with  a  properly  designed  re- 
generating connection  there  is  no  distinct  difference  between 
the  motor  and  generator  operation  axcept  a  matter  of  degree 
and  it  is  thus  possible  to  gradually  change  over  from  motoring  to 
regenerating  as  the  change  of  the  road  demands  it. 

These  general  conclusions  which  I  have  attempted  to  state  ^ 
have  been  verified  through  extensive  tests  in  the  factory  and  on 
the  experimental  track  and  have  been  further  borne  out  by  the 
thoroughly  successful  operation  of  the  regenerative  system  on 
the  Chicago,  Milwaukee  and  St.  Paul  Railroad. 

A.  J.  Hall:  While  certain  possibilities  of  regeneration  have 
been  known  for  a  number  of  years,  the  three-phase  system  is  the 
only  one,  until  recently,  that  has  really  been  placed  upon  a 
commercial  basis.  This  condition  has  been  due  to  the  apparently 
necessary  complications  in  the  control  to  produce  a  successful  d-c. 
regenerative  equipment. 

A  successful  regenerative  control  must  be  as  reliable  as  present- 
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day  equipments  without  regeneration.  There  are  two  classes 
of  service,  main-line  locomotive  and  car  equipments  which  must 
be  considered  separately  when  dealing  with  this  problem. 

Regeneration  on  car  equipments,  especially  for  multiple-unit 
equipments,  will  be  used  chiefly  to  stop  trains.  The  control 
equipments  should  be  arranged  for  automatic  acceleration  and 
regeneration  and  work  automatically  in  conjunction  with  the 
air-brake  system  to  effect  a  smooth  and  reliable  stop.  The 
requirements  for  street  car  service  are  similar,  although  less 
exacting. 

Regeneration  on  locomotives  will  be  used  primarily  to  descend 
grades  at  certain  speeds,  and  may  also  be  used  to  bring  a  train 
to  a  stop.  The  following  are  some  of  the  points  which  must  be 
considered  in  connection  with  regenerative  locomotives.  The 
master  controller  should  be  arranged  for  step-by-step  accelera- 
tion and  regeneration,  and  the  manipulation  should  be  simple, 
preferably  along  the  same  lines  as  the  manipulation  of  the  air- 
brakes. 

It  should  be  possible  to  change  over  from  acceleration  to  re- 
generation without  opening  the  main  motor  circuits,  making  a 
surgeless  transition.  The  transition  from  one  speed  combina- 
tion to  another,  as  from  parallel  to  series  on  direct  current 
while  regenerating,  should  be  made  without  a  complete  loss  of 
tractive  effort. 

It  should  not  be  necessary  to  continually  regulate  the  master 
controller  while  descending  grades.  When  descending  a  grade 
with  a  load  greater  than  the  regenerative  capacity  of  the  loco- 
motive, the  control  equipment  should  automatically  take  care 
of  itself,  exerting  its  full  retarding  effort,  so  that  the  motorman's 
entire  attention  may  be  applied  to  the  manipulation  of  the 
air-brakes  which  will  be  used  sufficiently  to  compensate  for  any 
excess  load.  The  locomotive  air-brakes  should  be  arranged  so 
that  if  applied  while  regenerating,  they  will  be  effective  only  on 
the  trailing  load. 

The  operation  of  the  control  equipment,  as  used  on  the 
Norfolk  &  Western  Railway  Company's  a-c.  locomotives,  ful- 
fills more  nearly  these  conditions  than  any  other  regenerative- 
braking  equipments  so  far  built. 

The  regenerative-control  equipment  on  the  Chicago,  Mil- 
waukee &  St.  Paul  locomotives  is  a  wonderful  step  forward  in 
the  art  of  d-c.  regenerative  braking,  although  it  does  not  fulfill 
all  of  the  ideal  requirements  mentioned. 

A  small  d-c.  locomotive  incorporating  most  of  these  require- 
ments has  been  in  successful  operation  for  the  past  nine  months 
on  the  Lake  Erie  &  Northern  R.  R.  It  is  probable  that  in  the 
near  future,  a  d-c.  type  of  locomotive  will  be  available  which 
will  incorporate  practically  all  these  ideal  requirements  for 
regenerative  braking. 

R.  E.  Ferris:  The  efficiency  and  reliability  of  railway  motors 
have  been  improved  to  a  point  where  there  does  not  seem  to 
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be  much  hope  left  for  radical  changes  along  this  line.  The 
weight  has  been  reduced  apparently  to  almost  a  minimum,  and 
application  has  been  thoroughly  analyzed.  The  most  obvious 
remaining  method,  therefore,  of  increasing  the  overall  efficiency 
of  the  railway  system  would  seem  to  be  the  return  of  stored 
energy  of  the  car  or  train  to  the  line.  The  problem  involved  in 
regeneration,  especially  for  passenger  service,  is  not  merely  to 
bring  the  car  or  train  to  a  stop,  lower  the  speed,  or  hold  on  a 
grade,  but  to  accomplish  this  smoothly. 

In  order  to  determine  how  the  currents  varied  in  the  different 
circuits  of  a  motor  when  retarding  a  car  smoothly,  oscillograms 
were  taken  on  a  car  equipped  for  regeneration  with  a  scheme 
giving  the  same  characteristics  as  that  shown  in  Fig.  14  of  Mr. 
Hellmund's  paper.  After  adjusting  resistance  properly,  the  car 
retarded  very  smoothly  on  regeneration,  and  even  at  the  point  of 
transition  from  parallel  to  series  control  no  diminution  of  re- 
tarding torque  was  noticed.  A  typical  oscillogram  is  shown  in 
Fig.  7  in  which  A  is  total  current  returned  to  line,  B  is  field 
current  of  one  motor  of  the  two  motor  equipment,  and  G  is 
current  in  one  armature.  It  will  be  noticed  that  the  field 
current  builds  up  before  the  line  switches  are  closed,  at  which 
point  field  current  decreases  at  once,  due  to  the  reaction  of  the 
armature  current.  In  fact,  the  field  and  armature  current 
mutually  react  on  each  other  over  the  entire  period.  Some  of 
the  small  ripples,  even,  in  the  armature  current  affect  the  field 
current.  This  mutual  reaction  of  field  and  armature  current 
gives,  of  course,  a  very  stable  system. 

The  effect  of  cutting  out  main-line  resistance  is  shown  at 
points  D  for  parallel,  and  points  E  for  series.  The  retarding 
torque  was  calculated  during  regeneration  by  means  of  the 
saturation  curve  of  the  motor  and  the  field  and  armature  current 
shown  on  the  oscillogram,  and  found  to  be  fairly  uniform  over 
the  entire  period  down  to  saturation  of  the  main  motors. 

In  retarding  a  car  or  train  by  means  of  regeneration,  one  of 
the  fundamental  principals  involves  a  change  of  field  strength. 
It  is  therefore  pertinent  to  inquire  how  far  the  ratio  of  armature 
ampere  turns  to  field  ampere  turns  may  be  carried  on  an  ordi- 
nary commutating-pole  railway  motor. 

A  standard  stock  motor  of  115-h.p.  nominal  rating,  600  volts, 
675  rev.  per  min.  was  placed  on  test,  and  with  connections  as 
shown  in  Fig.  14  of  Mr.  Hellmund's  paper,  the  field  strength 
was  varied.  The  highest  point  to  which  the  ratio  of  armature 
amperes  to  field  amperes  was  carried  was  4.8.  Speed  at  this 
point  was  1590  rev.  per  min.  with  reasonable  commutation. 
With  this  ratio  of  current,  the  windings  of  this  motor  give  a 
ratio  of  total  armature  ampere  turns  to  field  ampere  turns 
of  2.65.  With  the  ratio  of  armature  current  to  field  current  set 
at  3.7,  the  voltage  applied  to  the  motor  while  regenerating 
under  this  condition  was  suddenly  changed  from  560  to  830, 
with  no  other  result  than  a  slight  spit  at  the  brush. 
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An  oscillogram  of  the  field  form  of  a  motor  when  thrown  on 
regeneration  is  shown  in  Fig.  8.  This  oscillogram  plainly  shows 
a  large  reversal  of  flux  under  a  portion  of  the  pole,  but  the  motor 
under  the  condition  shown  in  the  oscillogram  had  almost  spark- 
less  commutation. 

W.  V.  Turner:  Lest  some  people  think  that  regeneration 
will  do  away  with  air-brake  systems,  it  should  be  said  that 
regenerative  braking  is  needed  for  reasons  of  economy,  but  the 
air  brake  will  always  be  needed  for  reasons  of  safety.  The  air 
brake  is  needed  as  a  reserve  to  back  up  the  regenerative  brake. 
With  the  latter,  all  the  control  is  vested  in  one  or  two  units, 
where  the  failure  of  one  means  a  50  or  100  per  cent  failure  of  the 
regenerative  system.  With  the  air-brake  system,  however,  the 
air-brake  control  is  vested  in  from  10  to  150  units,  according  to 
the  number  of  operative  brakes.  The  failure  of  one  unit  there 
is  of  comparative  insignificance. 

I  may  point  out  here  that  the  regenerative  brake  is  virtually 
a  straight  air-brake  such  as  Mr.  Westinghouse  invented,  in  the 
first  place,  and  which  was  abandoned  because  of  the  fact  that  if 
the  connection  between  the  cars  became  ruptured  there  was  no 
brake  existing,  and  that  is,  of  course,  true  with  regenerative 
braking.  Therefore  you  see  the  necessity,  as  Mr.  Hellmund  has 
very  well  pointed  out,  of  having  the  regenerative  brake  work  in 
connection  with  the  air  brake,  or  vice  versa. 

The  greatest  need  for  freight  carrying  cars  today  is  an  empty 
and  load  brake.  With  regeneration,  the  need  in  many  cases  is 
reduced  for  grade  service.  The  reason  for  this  is  that  the  com- 
bined use  of  the  two  braking  systems  will  supply  the  retarding 
effort  necessary  for  proper  control — a  control  which  is  lacking 
on  a  great  many  grades  today.  Such  as  for  instance,  on  the 
Norfolk  &  Western  grades  or  the  mountain  grades  of  the  Chi- 
cago, Milwaukee  &  St.  Paul;  but  it  is  to  be  expected  that  with 
the  air  brake  a  regenerative  brake  will  be  used  at  the  same  time, 
for  reasons  which  I  will  point  out  a  little  later. 

This  consideration,  however,  does  not  influence  the  vital 
necessity  for  the  empty  and  load  brake  in  level  road  service. 
In  this  connection  it  may  be  well  to  state  that  not  only  is  the 
endeavor  made  to  haul  long  and  heavy  trains,  but  to  reduce  the 
percentage  of  weight  per  load,  and  this  makes  it  practically 
impossible  to  control  trains  on  grades  without  the  empty  and 
load  brake.  In  other  words,  the  load  as  compared  with  the 
weight  of  the  car,  has  increased  to  such  an  extent  that  the 
single  capacity  brake  is  now  fairly  safe,  except  at  over-load 
speeds,  in  other  words,  the  capacity  of  grades  is  greatly  reduced. 

Of  course,  it  should  be  understood  in  this  connection  that 
only  a  slight  portion  of  the  possible  economy  of  air  brakes  is  now 
being  realized.  What  I  mean  to  say  by  that  is,  that  it  is  quite 
possible  to  get  200  or  300  per  cent  more  retarding  force  out  of 
air-brakes  than  is  now  being  obtained  with  loaded  cars. 

In  general  it  will  require  as  many  locomotives  to  take  a  train 
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down  a  grade  by  means  of  regenerative  braking  as  it  will  to  take 
the  same  train  up  that  grade.  Of  course,  in  descending  the 
grade,  all  internal  train  resistances,  due  to  curvature,  journals, 
etc.,  are  acting  in  favor  of  train  control,  while  in  ascending, 
these  resistances  are  opposing  the  locomotive  effort.  The  greater 
the  grade  the  less  influence  this  internal  resistance  will  have 
upon  the  truth  of  the  general  statement  first  made.  An  internal 
resistance  of  4  lb.  per  ton  is  20  per  cent  of  the  resistance  due  to 
a  1  per  cent  grade,  but  only  5  per  cent  of  that  due  to  a  4  per  cent 
grade.  This  means  then  that  helper  locomotives  cannot  be  cut 
off  from  a  train  upon  reaching  the  summit  of  a  grade  unless  the 
descent  is  milder  than  the  ascent,  or  unless  air-brakes  are  to 
be  used  in  conjunction  with  regenerative,  that  is  to  say,  the  two 
together  make  the  braking  system. 

In  order  the  better  to  control  slack  action  and  favor  draft 
rigging,  helper  locomotives  used  as  pushers  back  in  the  train 
for  the  ascent  should  be  shifted  to  the  head  end  for  the  descent. 
In  placing  helpers  at  intermediate  points  in  trains  rather  than 
at  the  ends,  a  safe  rule  and  the  one  customarily  observed  is  to 
avoid  neutral  points'  as  to  slack  at  these  heavy  locomotive  units. 
That  is,  a  helper  must  be  in  the  rear  a  distance  or  number  of 
cars,  greater  than  the  tonnage  capable  of  being  handled  by  the 
head  locomotive  or  locomotives.  On  the  other  hand,  in  de- 
scending the  grade  the  position  of  the  helper  in  the  train  should 
be  ahead  of  the  point  where  the  tonnage  rating  of  the  leading 
engine  or  engines  runs  out.  In  this  way,  the  helper  locomotive 
will  have  command  of  its  own  slack,  but  it  will  not  be  subject 
to  slack  changes  created  by  the  other  locomotive  to  the  detri- 
ment of  the  integrity  of  the  train.  The  point  here  made  is  that 
the  same  helper  position  in  the  train  cannot  be  utilized  with 
operating  safety  for  both  the  ascent  and  the  descent  of  a  grade. 

While  mentioning  helper  locomotives,  though  it  is  not  directly 
of  concern  to  regenerative  braking,  it  is  well  to  consider  the  need 
for  means  to  avoid  break-in-twos  when  the  power  goes  off  the 
line  in  ascending  a  grade.  With  a  steam  locomotive  the  power 
never  goes  off  the  line,  as  it  does  with  an  electric  locomotive, 
with  the  result  that  the  helper  behind  can  always  keep  the  slack 
well  bunched  in  the  train.  With  an  electric  locomotive,  however, 
the  loss  of  power  means  that  the  train  will  start  to  drift  off 
down  hill.  The  head  locomotive,  operating  the  air-brakes  in 
order  to  stop  the  train,  anchors  the  head  end  while  the  rear  end 
keeps  on  going.  This  is  a  result  borne  out  in  experience.  It  is 
essential  that,  therefore,  in  event  of  power  leaving  the  line,  the 
air-brakes  be  set  automatically  on  each  locomotive  in  the  train 
in  order  to  avoid  this  trouble  of  breaking  in  two. 

There  should  also  be  an  automatic  interlock  between  the 
regenerative  brake  and  the  air-brake.  It  will  often-times  be 
desirable  or  necessary  to  use  the  air-brake  in  conjunction  with 
regeneration.  In  such  cases,  the  air  brake  on  the  locomotive 
must  be  automatically  cut  out  and  released,  else  the  adhesion 
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between  the  drivers  and  rail  will  be  over  taxed  and  slid  flat 
spots  will  result.  Where  traffic  is  largely  in  one  direction,  or 
for  other  reasons  it  will  be  found  inconvenient  to  use  the  same 
number  of  locomotives  in  a  train  for  descending  a  grade  that  is 
used  for  the  ascent.  In  this  event,  the  air-brakes  must  be  used 
to  supply  the  additional  retarding  effort  required  to  control  the 
train. 

I  would  like  to  point  out  in  this  connection  that  for  such 
work  on  a  2  per  cent  grade  it  will  require,  say,  three  locomotivs 
to  pull  the  train  up,  and  one  can  take  it  down  with  the  present 
steam  locomotive;  but  since  it  only  furnishes  one-third  of  the 
total  power,  you  must  use  the  air-brake  for  the  other  two-thirds, 
or  the  train  will  run  away.  Another  thing,  the  speed  must  be 
kept  down  to  the  capacity  of  the  driver,  otherwise  if  anything 
should  happen  to  the  circuit  the  train  would  run  away.  These 
things  must  be  considered  in  connection  with  regenerative  brak- 
ing, if  it  is  to  made  a  success. 

H.  M.  Hobart:  In  1903,  tramcars  equipped  with  the  Raworth 
system  of  regenerative  control  were  put  in  service  at  Devonport 
in  England,  and  in  the  immediately  following  years  several 
dozen  cars  equipped  with  the  Raworth  system  were  employed  in  a 
number  of  towns  in  England,  t 

It  is  interesting  to  observe  that  in  England  we  first  find  an 
approach  to  fair  success  in  reducing  this  important  invention  to 
practise.  The  proposal  was  not  favorably  regarded  in  America. 
It  is  true  that  the  first  application  to  which  I  have  alluded,  was 
of  an  American  invention,  but  the  second,  that  of  the  Raworth 
system,  was  the  invention  of  British  engineers.  England  was 
thus  the  first  country  in  which  sufficient  discernment  was  shown 
and  sufficient  encouragement  was  extended  to  permit  of  carrying 
through  the  pioneer  work  required  for  the  successful  application 
of  regenerative  control  to  railways  and  vehicles.  It  is  always 
the  pioneer  work  which  is  beset  with  the  greatest  difficulty. 

No  one  could  wish  to  minimize  the  credit  due  to  those  con- 
cerned in  these  practical  applications  of  the  principle  in  America 
many  years  later,  but  I  think  all  of  you  who  have  had  to  do 
with  discouraging  pioneer  work  which  requires  so  much  deter- 
mination and  perserverance,  will  be  inclined  to  agree  with  me, 
that  a  vast  amount  of  patience  and  courage  and  perserverance 
was  required  in  those  years  to  which  Mr.  Lundell  refers,  and  in 
the  later  years  during  which  Messrs.  Raworth  put  many  equip- 
ments into  successful  operation. 

I  may  also  mention  the  fact  that  amongst  the  earliest  workers 
in  this  field  was  Mr.  Sprague*  who  advocated  the  system  in 

fSee  paper  entitled  "Regenerative  Control  of  Electric  Tramcars  and 
Locomotives"  by  Alfred  Raworth  at  p.  374  of  Jour.  Inst.  Elec.  Engrs. 
(1907)  Vol.  38.  Also  an  article  at  p.  526  of  the  Electrician  for  July  17, 
1903  entitled  "The  Raworth  Regenerative  Control  for  Tramway  Motors". 
Also  a  paper  by  J.  J.  Hall  entitled  "Raworth's  Automatic  Regenerative 
Control"  at  p.  68  of  Vol.  54  of  The  Electrician. 
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1885  in  a  paper  read  at  Boston  before  the  Society  of  Arts  and 
carried  out  experimental  demonstrations  in  1886  and  1887.  All 
these  workers  contributed  in  large  measure  to  pave  the  way  for 
the  splendid  success  on  a  large  scale  which  is  now  recorded  in 
America. 

On  the  basis  of  the  demonstrated  economies  attainable  with 
regenerative  control,  one  cannot  but  regret  the  enormous  eco- 
nomic waste  which  has  been  occasioned  by  the  delay  of  a  quarter 
of  a  century  in  taking  advantage  of  this  simple  feature.  Al- 
though progress  is  almost  invariably  greatly  delayed  by  scep- 
ticism and  conservatism,  examples  of  such  long-maintained 
opposition  to  a  sound  improvement  are  fortunately  rare  in  the 
engineering  profession. 

F.  R.  Phillips:  Among  the  multitudinous  disadvantages  of 
regenerative  braking,  there  is  one  outstanding  feature  among 
them  which^  appeals  to  me,  and  that  was  mentioned  by  Mr. 
Hellmund,  viz;  increased  weight.  It  will  perhaps  be  of  interest 
to  you  to  know  that  electric  railway  engineers  for  the  last  two 
years,  at  least,  have  made  great  strides  toward  reduction  in  the 
weight  of  car  equipment  to  the  extent  recently  of  as  much  as 
45  per  cent,  so  that  I  wish  to  say  to  those  who  are  interested  in 
the  development  of  regenerative  braking,  to  bear  in  mind  this 
particular  feature,  because  we  figure  very  closely,  and  our 
estimates  are  that  the  addition  of  one  ton  of  weight  to  a  street 
car  Would  mean  the  additional  expenditure  of  something  like 
$70  a  year,  in  energy  consumption  alone. 

Comfort  A.  Adams:  The  point  which  has  just  been  made  in 
regard  to  increased  weight  is  one  which  Mr.  Hellmund  treated 
from  only  one  side.  In  the  case  of  regenerative  braking,  it  is 
to  be  noted  that  insofar  as  that  braking  is  perfect,  any  power 
expended  in  accelerating  the  extra  weight,  is  restored  when  the 
car  is  decelerated. 

C.  E.  Fortescue:  Mr.  Hellmund  mentions  in  his  paper  certain 
disadvantages  in  connection  with  regeneration.  Two  of  these 
disadvantages  do  not  appear  to  me  to  exist  in  most  cases.  For 
example,  increased  first  cost  of  copper.  Where  the  condition  of 
traffic  justifies  electrification  there  will  generally  in  a  given 
section  be  as  many  trains  going  down  grade  as  going  up  grade, 
and  regeneration  in  such  a  case  will  reduce  rather  than  increase 
the  copper  losses.  As  for  the  matter  of  regulation,  a  distribu- 
tion system  designed  to  give  good  regulation  with  power  con- 
sumption at  the  trolley  will  give  good  regulation  with  power 
regenerated  at  the  trolley,  whether  this  power  is  consumed  near 
its  source  or  at  the  power  house. 

In  connection  with  the  phase-converter  system  and  to  a 
large  extent,  in  connection  with  all  constant-speed  systems,  Mr. 
Hellmund's  curves  show  that  with  rheostat  control,  maximum 
torque  may  be  maintained  at  all  speeds  up  to  within  a  small 
percentage  of  synchronous  speed.    These  motors  when  regener- 

♦See  p.  1076  of  the  Electric  Railway  Journal  for  June  5,  1915. 
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ating  may  also  be  controlled  at  speeds  considerably  in  excess  of 
synchronous  speed.  The  series  motor  is  not  suitable  for  re- 
generation, since  it  is  not  self-exciting  and  as  a  generator  is 
essentially  unstable.  To  adapt  it  for  regenerative  purposes,  it 
must  be  temporarily  changed  into  a  shunt  machine.  The  con- 
stant-speed motor  therefore  has  acceleration  characteristics  as 
good  as  the  series  motor  and  from  the  point  of  view  of  regener- 
ation, it  is  superior. 

A  vehicle  going  slowly  up  grade  will  have  to  make  very  high 
speed  down  grade  to  attain  the  same  average  speed  as  one  having 
a  uniform  speed  both  up  and  down  grade.  On  the  other  hand, 
the  vehicle  having  a  uniform  speed  will  require  more  power  for 
its  propulsion  up  grade  than  the  variable-speed  machine,  but 
the  total  energy  consumption  will  be  the  same  in  each  case, 
except  for  the  losses  due  to  friction  and  windage,  which  are 
greater  in  the  variable-speed  machine. 

One  of  the  principal  advantages  of  electrification  is  that  the 
source  of  energy  is  centralized  and  the  various  demands  upon 
it  are  averaged  so  that  it  is  capable  of  supplying  a  large  demand 
at  one  point  because  there  is  a  corresponding  smaller  demand 
or  regeneration  of  energy  at  another  point.  This  advantage  is 
used  to  the  maximum  extent  with  a  locomotive  having  con- 
stant-speed characteristics. 

In  a  steam  locomotive  the  rate  at  which  energy  may  be  used  is 
dependent  on  the  rate  of  generation  of  steam,  the  limit  of  which 
is  defined  by  the  capacity  of  the  boiler,  and  it  is  therefore  essen- 
tially a  machine  having  a  constant  output.  A  machine  of  this 
type  is  at  a  disadvantage  on  a  grade  since  its  speed  has  to  drop 
with  increased  tractive  effort  and  constant  horse  power.  It  is 
pretty  generally  realized  that  the  maximum  limit  has  practically 
been  reached  in  steam  locomotive  design. 

A  constant-speed  motor  on  the  other  hand  has  an  increase  in 
power  output  with  increase  in  tractive  effort  within  certain 
limits,  and  is  therefore  capable  of  maintaining  high  speed  on 
grades.  The  sole  limit  in  the  operation  is  the  heating  of  the 
machine  and  therefore,  if  generation  is  to  be  used  down  grade, 
the  increase  in  energy  thereby  dissipated  in  the  machine  has 
to'  be  taken  into  account. 

Railway  engineers  frequently  base  their  prejudice  in  favor  of 
the  series  motor  on  its  ability  to  make  up  time.  This  conten- 
tion is  not  justified,  I  believe,  by  the  actual  facts.  Series  motors 
are  designed  to  give  a  certain  speed  on  a  level  track,  and  this 
speed  is  not  much  in  excess  of  the  average  requirements.  The 
speed  of  a  locomotive  with  such  an  equipment  up  grade  will 
not  be  as  great  as  one  having  a  constant-speed  equipment,  and 
down  grade  the  latter  is  capable  of  as  high  a  speed  as  the  former. 
The  advantage  in  ability  to  make  up  time  will  therefore  be  in 
favor  of  the  locomotive  having  the  constant-speed  equipment. 

Where  the  traffic  is  heavy  the  power  demand  from  the  trains 
in  a  given  section  will  be  averaged  at  the  substation  supplying 
section,  so  that  the  large  power  demand  from  trains  pro- 
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ceeding  up  grade  will  be  offset  by  the  power  regenerated  from 
trains  going  down  grade.  Where  the  traffic  is  not  so  great 
the  load  on  the  substations  will  have  greater  fluctuations,  but 
with  apparatus  having  high  thermal  capacity,  these  fluctuations 
should  not  cause  undue  heating. 

It  appears,  therefore,  that  in  order  to  obtain  all  the  possible 
advantages  from  electrification,  the  characteristics  of  the  motors 
should  be  such  as  to  take  full  advantage  of  the  centralization  of 
the  power  house,  both  in  respect  to  speed  requirements  in 
climbing  grades  and  ability  to  regenerate  on  the  down  grade. 

These  requirements  in  my  opinion  indicate  that  the  motor 
having  constant-speed  characteristics  is  the  ideal  motor  for 
heavy  traction  and  long  haulage  electrification.  The  results 
obtained  in  the  Norfolk  &  Western  electrification  on  the  Elkhorn 
grade  seem  to  justify  these  conclusions. 

K.  A.  Simmon:  The  constant-speed  argument  that  is  ad- 
vanced in  this  paper  leads  me  to  a  question  that  was  asked  of 
some  ten  or  twelve  engineers  today,  with  the  result  that  an 
incorrect  answer  was  obtained  from  all. 

Assume  a  given  cycle  of  operation  with  up  grade  for  a  distance 
of  one  mile  and  a  down  grade  for  a  distance  of  one  mile.  Assume 
that  the  locomotive  goes  up  the  grade  at  fifteen  miles  per  hour. 
How  fast  would  the  locomotive  have  to  come  down  the  grade 
in  order  to  produce  a  schedule  of  thirty  miles  an  hour? 

It  is  a  comparatively  simple  question,  and  follows  very  per- 
tinently the  application  of  constant-speed  equipment.  The 
answer  received  from  most  engineers  is  that  the  down-hill  speed 
must  be  45  miles  per  hr.  Inspection  shows  that  it  requires  an 
infinite  speed  down  grade  to  get  an  average  speed  of  thirty  mileS 
an  hour. 

Mr.  Hellmund's  paper,  I  believe,  will  do  much  to  educate  a 
lot  of  us  to  use  the  terms  dynamic  braking,  resistance  braking 
and  regenerative  braking  more  correctly.  We  have  referred  in 
the  past  in  a  good  many  cases  to  magnetic  braking  and  re* 
sistance  braking  as  regenerative  braking.  In  fact  it  is  not  at  all 
uncommon  to  refer  to  all  sorts  of  magnetic  braking  and  dynamic 
braking  systems  as  regenerative  braking. 

There  are  several  points  which  have  been  made  this  evening 
that  should  have  special  emphasis.  Among  these  are  the  fol- 
lowing: First,  that  the  problems  confronted  in  city  and  subway 
service  are  entirely  different  from  the  regeneration  problems 
confronted  on  long  steep  grades  or  under  mountainous  condi- 
tions; second,  that  while  shunt  characteristics  may  not  be  de- 
sirable for  direct-current  regenerative  equipments,  similar 
characteristics  existing  in  three-phase  motors  are  not  to  be 
considered  as  a  handicap,  as  is  evidenced  by  the  phenomenal 
operation  of  the  Norfolk  &  Western  equipment.  The  smooth 
operation  obtained  on  these  locomotives  is  largely  due  to  the 
smooth  control  obtained  by  the  liquid  rheostat  which  unfor- 
tunately cannot  be  employed  for  direct-current  operation;  third, 
direct-current  regenerative  equipment  should  preferably  be 
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based  on  standard  motors,  at  least  for  the  present;  fourth, 
regeneration  may  lead  to  the  more  extensive  use  of  adjustable 
constant-speed  motors;  and  fifth,  it  appears  to  be  desirable  to 
interlock  the  regenerative  control  equipment  with  the  air-brake 
equipment. 

F.  D.  Newbury:  You  have  heard  considerable  discussion  this 
evening  concerning  the  locomotive.  Other  elements  of  the 
problem  must  be  considered.  There  are  the  line  to  the  sub- 
station, the  machinery  in  the  substation,  the  transmission  line 
and  the  generating  system.  In  considering  the  application  of 
regenerative  braking  particularly  to  existing  systems,  these 
other  elements  must  not  be  overlooked.  The  characteristics 
of  the  substation  machinery  must  be  investigated,  particu- 
larly if  the  substation  happens  to  contain  synchronous  con- 
verters. Reversal  of  power  means  a  change  in  the  internal  or 
external  operating  conditions  of  the  machines  that  may  lead 
to  new  phenomena  that  may  not  be  altogether  satisfactory. 
This  in  general  will  not  be  serious  but  should  be  investigated 
in  any  particular  case. 

W.  B.  Potter:  Mr.  Hellmund  has  indicated  a  vital  feature  to 
the  stability  and  smoothness  of  operation,  in  pointing  out  the 
difference  in  the  characteristic  of  a  series-wound  machine  when 
acting  as  a  motor  and  as  a  generator;  the  characteristics  which 
make  it  stable  as  a  motor  having  an  opposite  effect  when  being 
driven  as  a  generator.  Of  the  many  ways  by  which  a  machine, 
suitable  as  a  motor  for  railway  service,  can  be  given  the  stability 
essential  to  successful  regeneration,  a  number  have  been  described 
but  the  interest  will  presumably  centre  upon  the  two  methods 
now  in  operation, — the  Lake  Erie  and  Northern  and  the  Chicago, 
Milwaukee  &  St.  Paul. 

Speaking  with  more  knowledge  as  to  the  latter,  the  results  of 
a  year's  service  have  unquestionably  demonstrated  the  success  of 
direct-current  regeneration  and  its  value  as  improving  the  train 
service  on  all  down  grades,  which  would  otherwise  require  use 
of  the  air  brakes.  On  down  grades,  ranging  from  2  per  cent  to 
0.6  per  cent,  and  through  a  wide  range  in  speed,  the  trains  are 
controlled  by  regeneration,  the  air  brakes  being  used  only  for 
the  purpose  of  stopping.  The  variations  in  speed  incident  to 
repeated  applications  and  release  of  the  air  brakes,  hot  brake 
shoes  and  delays  incident  to  inspection  are  noticeably  absent 
under  regenerative  handling,  and  the  mountain  division  under 
electric  operation  has  become  a  division  on  which  lost  time  is 
made  up,  rather  than  added  to. 

Under  some  conditions  regeneration  may  prove  profitable  on 
other  than  grade  service,  but  as  the  value  in  this  connection  will 
be  influenced  by  the  saving  in  energy  and  lower  maintenance  of 
mechanical  equipment  as  offset  by  presumable  increase  in  cost 
and  maintenance  of  electrical  equipment,  the  extent  to  which  it 
may  be  used  will  be  largely  influenced  by  the  skill  and  ingenuity 
in  devising  simple  methods  of  accomplishing  the  result. 

Mr.  Hellmund's  conclusions  as  to  the  present  status  of  re- 
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generative  braking  might  well  be  amended  by  emphasizing  that 
it  has  already  assumed  great  commercial  importance,  and  that 
it  is  one  of  the  factors  now  having  a  favorable  influence  toward 
the  electrification  of  mountain  service  and  ruling  grades. 

N.  W.  Storer:  In  common  with  a  great  many  other  engineers, 
I  have  worked  for  a  long  time  with  the  ideal  in  my  mind  of 
returning  to  the  line  the  lost  energy  which  is  spent  in  heating  up 
brake  shoes,  and  ruining  the  braking  equipment.  There  is  one 
thing  I  have  had  in  mind  through  it  all,  and  that  is  we  must 
with  direct-current  motors  utilize  the  standard  series-wound 
motor.  Its  advantages  in  hauling  trains  are  so  numerous  that 
we  cannot  afford  to  give  them  up.  That  is  one  reason  why  the 
earlier  experiments  were  unsuccessful.  They  departed  from  this 
motor.  I  do  not  believe  it  is  possible  to  have  really  successful 
regenerative  braking  on  any  kind  of  a  system  with  shunt  motors. 
They  are  inherently  too  sensitive  on  a  variable  voltage  system, 
such  as  any  railway  is  bound  to  be. 

I  have  had  some  question  also  in  my  mind  as  to  the  desirability 
of  a  constant-speed  machine  for  handling  trains  on  long  hauls, 
or  short  hauls,  either.  The  instability  of  the  series-wound 
machine  during  regeneration  which  has  been  mentioned  is,  of 
course,  a  factor  which  must  enter  provided  that  instability 
exists.  There  are  a  great  many  schemes,  however,  that  will 
make  the  series  motor  a  perfectly  successful  and  stable  machine. 

I  do  not  want  to  differ  too  much  from  the  statements  which 
have  been  made  heretofore,  as  to  the  desirability  of  having  the 
torque  or  tractive  effort  increased  as  the  speed  increases,  but  I 
will  say  I  do  not  believe  that  it  is  necessary.  I  think  the  equip- 
jment  will  be  more  suitable  if  it  is  allowed  to  have  an  electrical 
stability  which  is  obtained  by  a  slight  decrease  in  the  torque 
with  increase  in  speed,  such  as  normally  will  obtain  with  the 
series-wound  machine  properly  separately  excited. 

For  the  reason  that  we  can  have,  as  has  been  pointed  out  so 
plainly  tonight,  perfect  co-operation  between  the  air-brake  and 
regenerative  braking,  we  do  not  care  whether  the  speed  increases 
slightly  or  not.  We  have  the  air-brake  to  fall  back  on,  and  in 
my  opinion  the  successful  braking  equipment  of  the  future  will 
consist  of  a  combination  which  will  effect  the  most  perfect 
operation  by  automatic  control  of  the  air-brakes  and  the  regener- 
ation. Let  the  speed  increase  to  a  certain  amount.  You  can 
stop  it  right  there  by  the  application  of  the  air-brakes.  If  you 
get  on  a  heavy  grade,  and  you  find  that  the  regenerative  brake 
will  not  hold  the  train,  let  the  air-brake  help.  The  flat  character- 
istic is  not  well  adapted  to  that,  without  additional  excitation 
variation.  If  you  have  a  steep  curve,  it  will  take  care  of  quite 
a  wide  range  of  speed  without  any  adjustment  whatsoever.  If 
the  train  reaches  the  limiting  speed,  you  can  protect  your  motor 
fram  flashing  by  permitting  the  braking  power  to  decrease. 

It  has  been  pointed  out  very  clearly  that  the  motors  are 
unsafe  if  they  are  allowed  to  have  too  great  a  ratio  between 
armature  and  field.    That  is  absolutely  true.    Why  then  permit 
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Mr.  Storer  took  some  exception  to  the  statements  made  in 
the  paper  regarding  the  most  desirable  speed-torque  character- 
istics. This  merely  indicates  that  we  electrical  engineers  are 
liable  to  differ  on  the  requirements  of  heavy  traction  work,  and 
that  we  need  the  cooperation  and  advice  of  the  railroad  men. 
Unfortunately,  none  of  them  has  given  us  the  benefit  of  their 
opinion  in  the  discussion. 

Personally,  I  believe  very  strongly  in  constant-speed  opera- 
tion, especially  for  heavy  trunk-line  work.  If  it  is  safe  to  run 
over  a  certain  piece  of  track  at  a  certain  maximum  speed,  maxi- 
mum traffic  efficiency  can  only  be  obtained  by  accelerating  up 
to  that  speed  as  quickly  as  possible,  running  at  the  maximum 
speed  as  long  as  possible,  and  then  decelerate.  Therefore,  I  do 
not  think  that  a  motor  with  varying  speed  characteristics,  like 
the  series  motor,  is  really  wanted  from  a  traffic  point  of  view, 
although  it  may  have  advantages  in  other  respects.  The  prin- 
cipal advantage  of  the  series  motor,  which  has  been  so  successful 
for  many  years,  is,  in  my  opinion,  that  such  a  motor  is  simple 
and  rugged,  and  that  it  protects  itself  and  the  rest  of  the  elec- 
trical equipment  against  undue  overloads,  by  falling  off  in  speed 
with  increased  torque.  This,  however,  does  not  mean  that  such 
characteristic  is  either  necessary,  or  even  desirable,  from  a  traffic 
point  of  view,  especially  if  other  means  for  protecting  the  elec- 
trical equipment  against  overloads  are  available.  It  seems, 
from  Mr.  Fortescue's  discussion,  that  he  fully  concurs  with  me 
on  these  points. 

As  a  matter  of  course,  the  permissible  maximum  running 
speed  is  not  the  same  for  all  track  and  traffic  conditions,  and  a 
possibility  for  adjusting  the  constant  running  speed  to  a  number 
of  different  values  is,  therefore,  undoubtedly  desirable. 

For  these  reasons,  I  believe  that  the  energy  devoted  in  the 
past  by  many  electrical  engineers  in  trying  to  give  an  inherently 
constant-speed  motor  like  the  induction  motor  a  varying-speed 
characteristic,  should,  in  the  future,  rather  be  directed  towards 
the  development  of  both  a-c.  and  d-c.  equipments  giving  ad- 
justable constant-speed  characteristics,  for  both  motoring  and 
regenerating. 

R.  E.  HQllmund  (communicated  after  adjournment):  It 
might  be  inferred  from  Mr.  Lundell's  remarks  regarding  the 
arrangement  of  Fig.  14  that  the  losses  in  the  stabilizing  resist- 
ance R  are  of  great  practical  importance.  As  already  pointed 
out  in  my  paper,  this  is  not  the  case.  The  resistance  is  less  than 
half  the  field  resistance  and,  although  it  carries  the  sum  of  the 
armature  and  field  current,  the  losses  will  be  about  the  same  as 
the  field  losses,  which  are  very  small  in  an  up-to-date  railway 
motor.  The  losses  caused  by  the  resistance  are  something  like 
2  to  5  per  cent  during  the  regenerative  periods,  which  means 
that  they  are  in  the  neighborhood  of  1  per  cent  of  the  total 
power  consumption.  Thus,  the  power  saving  accomplished  with 
regenerative  control  may  be  reduced  from,  say,  21  per  cent  to 
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20  per  cent,. on  account  of  these  resistances.  I  am  confident 
that  a  large  majority  of  operating  men  will  gladly  make  this 
comparatively  small  sacrifice,  enabling  them  to  use  a  stable 
system  with  the  standard  type  of  railway  motor,  in  preference 
to  using  a  stator  structure  with  distributed  field  winding,  as 
proposed  by  Mr.  Lundell. 

Mr.  Alexanderson's  remarks  bring  out  in  a  somewhat  different, 
but  very  interesting  manner,  two  of  the  principal  conclusions 
presented  in  my  paper,  viz.,  the  necessity  of  electrical  and 
mechanical  stability  as  relating  to  volt-ampere  and  speed-torque 
curves.  While  these  two  conditions  are  of  prime  importance, 
their  fulfillment  is  not  sufficient  to  give  successful  operation  of 
a  d-c.  machine  unless  the  problem  of  flashing  is  given  careful 
attention  in  all  its  phases.  This  can  hardly  be  emphasized  too 
strongly  since  it  is  one  of  the  principal  limitations  of  the  d-c. 
machine  as  compared  with  induction  motors.  While  it  is  true 
that  the  induction  motor  loses  its  mechanical  stability  after 
reaching  the  pull-out  point,  as  mentioned  by  Mr.  Alexanderson, 
it  is  also  a  fact  that,  with  the  induction  motors  used  for  heavy 
traction  work,  there  is  no  difficulty  in  keeping  this  point  for 
all  variations  of  line  voltage  above  the  slipping  point  of  the 
locomotive  wheels.  The  limitation  introduced  by  the  pull-out 
torque  is,  therefore,  of  practically  no  importance.  With  the 
d-c.  motor  it  is  also  easy  to  maintain  mechanical  stability  up 
to  the  slipping  point  of  the  wheels,  but  in  doing  this  it  is,  for 
higher  speeds,  usually  very  difficult  to  maintain  the  flashing 
conditions  of  the  motor  within  safe  limits,  for  reasons  pointed 
out  in  my  paper,  especially  during  transient  conditions.  This 
point  has  been  frequently  overlooked,  which  fact  I  believe  has, 
more  than  anything  else,  prevented  regenerative  braking  from 
being  a  complete  success. 

Mr.  Turner  points  out  in  his  discussion  the  importance 
of  proper  joint  operation  of  air-brakes  and  regenerative 
braking,  a  point  which  also  has  been  touched  upon  briefly  in 
my  paper.  As  mentioned  in  the  paper,  some  slight  complica- 
tions may  be  introduced  where  it  is  necessary  to  operate  induc- 
tion motors  together  with  the  air-brakes.  Upon  further  con- 
sideration it  appears  to  me,  however,  that  this  problem  may 
solve  itself  very  simply  in  actual  practise.  It  should  be  kept 
in  mind  that  the  irregular  operation  of  the  air-brakes,  causing 
a  speed  fluctuation  of  five  to  ten  miles,  with  a  train  which  is 
handled  with  the  air-brakes  alone,  is  fundamentally  caused  by  a 
variation  in  the  braking  efforts  exerted  by  the  air-brakes.  Let 
us  assume  now  that  an  induction  motor  with  no  resistance  in 
the  secondary  operates  together  with  the  air-brakes,  so  that  the 
motors  are  exerting  their  maximum  braking  torque.  If,  in  this 
case,  the  braking  effort  of  the  air-brakes  increases,  the  speed  of 
the  train  will  decrease  slightly,  which,  in  turn,  means  a  mater- 
ially decreased  braking  effort  exerted  by  the  motors.  As  the 
braking  effort  of  the  air-brake  subsequently  decreases,  the  speed 
of  the  train  increases,  and  with  it  the  braking  effort  of  the 
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motors.  We  see,  therefore,  that  the  motors  change  their  par- 
ticipation in  the  braking  automatically,  so  as  to  take  care  of  the 
unavoidable  fluctuations  in  the  air-brake,  and  apparently  this 
takes  place  without  any  action  of  the  engineer  or  switching 
devices.  The  only  undesirable  thing  that  might  happen,  is 
that  the  braking  effort  of  the  air-brakes  reduces  the  train  speeds 
so  much  that  the  motors  pass  through  their  no-load  point  to  a 
motoring  torque.  No  particular  harm  is  done  if  this  happens 
once  in  a  while.  If  it  should,  however,  happen  to  any  consider- 
able extent  with  the  flat  curve  obtained  from  an  induction  motor 
without  secondary  resistance,  there  is  no  doubt  but  that  it  can 
be  avoided  by  a  small  permanent  resistance  being  inserted  during 
regeneration;  this  would  make  the  motor  curve  slightly  steeper, 
and  reduce  the  amount  of  change  in  torque  with  change  in  speed. 
These  and  similar  questions  can  best  be  determined  by  practical 
experience;  there  is  no  doubt,  however,  but  that  one  or  the 
other  method  would  take  care  of  this  condition  satisfactorily. 

Mr.  Hobart  expresses  regret  in  his  discussion  that  the  simple 
feature  of  regeneration  has  not  been  used  for  the  past  twenty- 
five  years,  and  it  might  be  inferred  from  his  statements  that  this 
could  have  been  done  just  as  well  as  not,  and  would  have  avoided 
an  enormous  economic  waste.  If  this  is  what  Mr.  Hobart 
means,  I  cannot  but  feel  that  he  does  not  fully  realize  all  the 
problems  which  had  to  be  solved,  and  still  have  to  be  overcome, 
in  connection  with  d-c.  motors,  to  make  regeneration  commercial 
for  all  classes  of  service.  Whatever  successful  regenerative 
operation  has  been  accomplished  in  the  past,  with  battery  driven 
vehicles,  for  instance,  would  contribute  but  little  towards  the 
solution  of  the  difficulties  encountered  in  heavy  traction  high- 
voltage  work.  Even  the  successful  operation  on  a  number  of 
small  tramway  propositions  does  not  solve  these  problems,  nor 
a  great  many  other  conditions  which  have  to  be  met  in  other 
cases,  as,  for  instance,  elevated  and  subway  service.  The  very 
important  points  brought  out  in  the  discussion  by  Messrs. 
Ferris,  Turner,  Hall,  Newbury,  Simmon,  Alexanderson  and 
Storer,  in  addition  to  the  points  discussed  in  the  paper,  give 
fair  evidence  of  the  large  number  of  problems  to  be  solved.  Not 
only  is  it  a  fact  that  a  great  many  of  these  points  were  not  fully 
realized  until  during  recent  years  but,  as  pointed  out  in  my 
paper,  it  is  also  to  be  considered  that  the  detail  apparatus 
needed  for  taking  care  of  the  various  conditions,  were  not 
sufficiently  perfected  to  give  fully  reliable  operation  in  the  past. 
While  I  am  very  optimistic  as  to  the  future  of  regenerative 
control,  I  do  not  believe  that  the  general  introduction  of  the 
principle  is  merely  a  question  of  doing  it,  but  will  require  further 
engineering  developments  in  addition  to  those  accomplished  at 
present.  I  fully  agree  with  Mr.  Potter  in  his  statements  that 
the  extent  to  which  it  may  be  used  will  be  largely  influenced  by 
the  skill  and  ingenuity  in  devising  simple  methods  of  accomp- 
plishing  the  results. 


Presented  at  the  Fifth  Midwinter  Convention  of 
the  American  Institute  of  Electrical  Engineers 
New  York,  February  14.  1917. 
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INTERNAL  TEMPERATURES  OF  A-C.  GENERATORS 


BY  RALPH  KELLY 


Abstract  of  Paper 

The  paper  deals  with  the  internal  temperatures  of  a  number  of 
typical  large  a-c.  generators;  this  temperature  being  measured 
by  a  thermo-couple  placed  between  armature  coils  in  the  same 
slot  and  in  the  center  of  the  core.  The  difference  between  these 
measured  internal  temperatures  and  the  corresponding  surface 
temperatures  in  the  tests  given  varies  from  0  deg.  to  35.5  deg. 
This  wide  divergence  is  explained  by  the  aid  of  the  tests  and  of 
calculations.  A  method  of  calculation  for  internal  temperatures 
is  given  which  is  based  on  simple  heat  laws  and  on  data  obtained 
from  many  tests.  By  means  of  the  tests  and  of  parallel  calcula- 
tions, the  effect  on  the  internal  temperature  of  changes  in  fre- 
quency, core  length,  thickness  and  quality  of  insulation,  arma- 
ture current  density  ^and  core  densities,  is  explained.  The 
capacity  of  the  end  windings  to  dissipate  heat  from  the  center 
of  the  core  is  also  discussed.  In  conclusion,  it  is  stated  that 
although  the  wide  divergence  between  surface  and  internal  tem- 
peratures of  different  classes  of  generators  is  regular  and  can  be 
justified,  yet  it  is  plain  that  there  is  no  one  average  figure  that 
can  be  used  for  that  difference  for  all  classes  of  a-c.  generators. 


THERE  have  been  many  attempts,  more  or  less  unsuccessful, 
to  establish  average  figures  representing  the  difference 
between  internal  and  surface  temperatures  of  different  classes 
of  a-c.  generator  stators.  When  test  results  from  a  large  number 
of  generators  are  reviewed,  the  engineer's  first  conclusion  is  apt 
to  be  that  there  is  no  relation  or  consistency  between  tempera- 
tures measured  by  thermometer  and  by  thermo-couple.  One 
generator  may  have  a  difference  between  inside  and  outside 
temperatures  of  only  a  few  degrees  while  in  others  a  difference 
of  fifty  degrees  and  more  may  be  found. 

If,  however,  these  test  results  are  checked  by  calculations 
based  on  fairly  simple  laws  of  heat  flow,  it  will  be  found  that  these 
widely  varying  results  can  be  satisfactorily  explained  and  shown 
to  be  consistent.  Such  a  comparison  will  also  explain  why 
attempts  to  establish  average  figures  are  fore-doomed  to  failure. 
Frequency,  voltage,  quality  of  insulation,  copper  and  core 
densities,  shape  of  slots,  and  core  length,  all  have  a  bearing  on 
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the  drop  in  temperature  from  the  inside  to  the  outside  of  the 
stator.  With  so  many  factors  affecting  the  temperature  drops 
there  is  no  average  figure  that  can  be  used  for  the  difference 
between  internal  and  surface  temperatures  for  all  classes  of  a-c. 
generators. 

In  the  following  pages  such  a  comparison  of  typical  test  results 
and  the  corresponding  calculated  temperatures  is  given.  The 
test  figures  have  been  selected  for  this  purpose  from  some  fifty 
odd  tests  that  have  been  made  under  full-load  current  and  volt- 
age conditions  on  generators  ranging  in  size  from  1000  kv-a. 
to  20,000  kv-a.  and  in  speed  from  100  rev.  per  min.  (in  vertical 
waterwheel  generators)  to  1500,  1800  and  3600  rev.  per  min. 
(in  turbo-generators).  In  one 
series  of  tests  measured  tem- 
peratures are  available  under 
different  load  conditions  and 
at  all  important  parts  of  the 
slot  and  core.  In  the  other 
only  the  maximum  internal 
slot  temperature  and  the  sur- 
face temperature  readings  are 
available.  In  such  cases,  how- 
ever, if  the  calculated  and 
tested  temperatures  agree 
reasonably,  the  calculated 
temperature  at  the  inter- 
mediate points  in  the  heat 
path  may  be  considered  reliable.  We  may  confidently  use  these 
test  temperatures  and  these  calculated  temperatures,  checked 
by  test,  to  show  the  magnitude  of  the  effects  of  the  different 
factors  on  the  internal  temperatures. 

In  obtaining  the  calculated  results,  a  part  of  the  armature 
laminations  included  between  two  adjacent  air  ducts,  and  one 
tooth  pitch  in  length,  is  selected  fo  analysis.  This  portion  of  the 
armatu  e  with  the  parts  of  the  armature  coils  embedded  in  it 
will  be  termed  in  the  paper  "a  unit  package,"  Fig.  1.  As  the 
losses  in  all  unit  packages  are  practically  identical,  the  one  in  the 
center  of  the  core  is  chosen  for  analysis  because  the  internal 
temperature  rise  is  usually  the  highest  in  that  unit  package. 
The  losses  are  calculated  under  load  conditions  in  the  armature 
conductors  and  in  the  different  sections  of  the  armature  lamina- 
tions included  in  this  unit  package.  The  method  of  temperature 


2.6-R*dSurt 

Fig.  1 — Segment  of  Central 
Package  with  unit  Package  Se- 
lected Shown  in  Detail  at  Right 
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calculation  used  is  essentially  a  cut  and  try  method.  A  probable 
armature  copper  temperature  in  the  central  unit  package  is  first 
assumed;  the  flow  of  heat  to  the  air  ducts,  armature  tooth,  and 
to  the  coil  ends  is  then  calculated.  If  the  assumed  copper  tem- 
perature is  correct,  the  heat  flow  from  the  copper  to  the  tooth 
determines  the  temperature  drop  across  the  insulation  and  the 
temperature  of  the  armature  tooth.  The  laminations  of  the  unit 
package  are  divided  into  sections  to  facilitate  the  calculation  of 
the  heat  flow  through  the  core.  With  the  tooth  temperature  as 
a  basis  the  heat  flow  from  section  I  to  the  air  ducts,  to  the  air  gap, 
and  to  section  II  is  determined.  This  procedure  is  followed 
from  section  to  section  until  the  rear  of  the  core  is  reached  when 
if  the  proper  initial  temperature  has  been  assumed  the  total 
loss  will  have  been  dissipated  to  the  cooling  air.  If  the  loss 
dissipated  is  greater  or  smaller  than  the  actual  loss  in  the  unit 
package,  a  new  trial  temperature  must  be  assumed  and  the 
calculation  repeated. 

Table  I  gives  the  calculated  and  test  temperatures  with  other 
data  for  four  generators  that  are  similar  in  design  except  for 
frequency  and  core  length.  In  test  1,  2  and  3  the  temperature 
measurements  were  made  by  thermo-couple  at  several  points 
of  the  unit  package  for  three  conditions  of  load.  In  tests  4,  5, 
and  6  only  the  internal  copper  temperature  and  the  surface 
temperatures  were  measured.  The  close  agreement  of  the  cal- 
culated and  tested  temperatures  in  these  last  three  tests  justifies 
the  use  of  the  calculated  temperatures  for  the  intermediate 
parts  of  the  unit  package  in  discussing  the  effect  of  different 
factors  on  the  internal  temperatures.  While  the  tested  internal 
copper  temperatures  vary  from  36  deg.  to  93  deg.  the  average 
difference  between  the  tested  temperatures  and  the  corresponding 
calculated  temperatures  is  less  than  3  deg. 

Method  of  Calculation 
The  object  of  the  calculation  is  to  determine  the  maximum 
measurable  temperature  to  which  the  armature  insulation  is 
subjected,  which  in  practise  *s  usually  the  temperature  measured 
by  thermocouple  placed  between  coils  in  the  same  slot  and  in 
the  center  of  the  core.  This  temperature  is  calculated  by  the 
use  of  simple  heat  laws  and  of  empirical  data  based  on  a  large 
number  of  experimental  tests.  The  capacity  of  air  cooled  sur- 
faces to  dissipate  heat,  the  correct  velocity  of  air  passing  over 
the  air-exposed  surfaces  of  a  generator,  the  temperature  rise 
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of  that  cooling  air,  and  the  heat  conductivity  of  the  heat  con- 
ducting paths  of  a  generator,  must  be  determined  in  order  to 
calculate  this  temperature.  The  calculation  applies  only  to 
radially  ventilated  salient  pole  generators  with  enclosing  end 
bells.  For  other  types  of  generators  suitable  changes,  based  on 
appropriate  test  data,  must  be  made  in  the  calculation. 

The  temperature  rise  of  an  air-cooled  surface  varies  with  the 
air  velocity  and  may  be  determined  when  the  relation  between 
the  air  velocity  and  the  heat  dissipated  per  unit  surface  per 
degree  rise  are  known.  It  is  assumed  that  the  heat  dissipated 
from  a  surface  at  any  given  velocity  increases  directly  with  the 
temperature  rise,  which  permits  the  use  of  the  equation 

W  =  watts  radiated  per  sq.  in.  of  surface. 
T   =  temperature  rise  of  surface  above  cooling  air. 
K   =  a  constant  depending  on  the  air  velocity. 
The  data  for  the  constant  K  (Fig.  3)  have  been  determined 
from  tests  where  air  at  different  velocities  has  been  passed  over 
heated  surfaces. 

In  Table  I  the  air  velocities  through  the  armature  core  are  tab- 
ulated with  the  corresponding  values  of  K.  In  long  core  machines 
with  enclosing  end  bells  insuring  practically  uniform  velocities 
in  the  air  ducts,  the  following  values  generally  apply: 

(a)  The  velocity  of  air  in  the  air  gap  is  75  per  cent  of  the 
peripheral  speed  of  the  rotor. 

(b)  The  velocity  of  air  in  the  air  duct  at  the  tooth  is  30  per 
cent  of  the  peripheral  speed. 

(c)  The  velocity  of  air  at  the  back  of  the  core  is  75  per  cent 
of  the  air-duct  core  velocity. 

These  values  are  by  no  means  constant  but  should  be  varied 
with  different  methods  of  ventilation  as  well  as  different  propor- 
tions of  the  armature  core.  They  are  based  on  measurements 
taken  on  a  number  of  generators  and  checked,  in  common  with 
the  other  constants  involved,  by  the  agreement  between  cal- 
culated and  test  temperatures. 

The  losses  generated  in  all  unit  packages  are  practically 
identical.  For  convenience  in  calculation  this  unit  package  is 
divided  into  sections  as  shown  in  Fig.  1 ;  the  dimensions  shown  in 
Fig.  1  are  taken  from  the  generator  in  Test  1.  The  iron  and 
copper  losses  under  load  conditions  are  calculated  for  each  sec- 
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tion.  An  allowance  is  included  for  increased  saturation  due  to 
the  influence  of  the  armature  reactance,  for  eddy  current  losses 
in  the  conductors,  and  when  operating  at  high  power  factors, 
for  distortional  losses.  Recognizing  that  the  density  in  the  core 
is  not  uniform,  the  distribution  of  the  loss  across  the  core  depth 
is  assumed  to  vary  in  such  a  manner  that  the  loss  in  the  section 
next  to  the  bottom  of  the  slot  is  greater  than  the  loss  at  the 

-  A,  ,    At_  pole  pitch  +  core  depth     T  , 

rear  of  the  core  by  the  ratio  — : — r— r  - — .    In  long 

J  pole  pitch 

core  machines  there  is  a  negligible  flow  of  heat  from  the  central 
unit  package  to  the  coil  ends,  so  that  the  watts  generated  in  that 
unit  package  must  be  dissipated  through  the  medium  of  its  own 
surfaces  exposed  to  the  cooling  air.  In  short  core  machines  the 
heat  flowing  to  the  coil  ends  from  the  central  package  should  be 
calculated  and  deducted. 

The  cooling  air  in  passing  through  the  machine  has  its  tem- 
perature raised  by  the  losses  that  are  dissipated  to  it.  The 
amount  by  which  the  temperature  of  the  cooling  air  is  raised 
before  it  reaches  the  first  section  of  the  unit  package  may  be 
calculated  from  the  fact  that  1  kw.  of  energy  dissipated  to  100  cu. 
ft.  (2.8  cu.  m.)  of  air  at  an  initial  temperature  of  25  deg.  cent, 
will  raise  the  temperature  of  that  air  18  deg.  cent,  in  one  minute. 
The  temperature  rise  of  cooling  air  from  section  to  section  may 
be  calculated  similarly.  Due  to  the  rise  of  cooling  air  through  the 
air  duct,  a  correction  is  made  for  the  flow  of  heat  toward  the  slot 
from  the  back  of  the  core  by  taking  a  proportionate  number  of 
watts  from  the  rear  section  and  arbitrarily  adding  them  to  the 
losses  in  the  first  section. 

In  figuring  the  heat  flow  through  the  package,  the  following 
constants  are  used  for  heat  conductivity  through  the  different 
materials. 

Lengthwise  in  iron  laminations  1.1  watts  per  cu.  in.  per  deg. 
cent. 

Crosswise  in  iron  laminations  0.045  watts  per  cu.  in.  per  deg. 
cent. 

Insulation,*  0.0025  to  0.005  watts  per  cu.  in.  per  deg.  cent. 
Copper,  8  watts  per  cu.  in.  per  deg.  cent. 
The  heat  conductivity  of  the  insulation  not  only  depends  on 
the  materials  used  but  depends  greatly  on  the  compactness  of 

•"Heat  Path  in  Electrical  Machinery",  Harold  D.  Symonds  and 
Mites  Walker,  Journal  I.  E.  E.t  Vol.  XLVIII.,  1912. 
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the  coil.  In  a  loosely  wound  coil  with  minute  air  spaces,  a  low 
value  of  conductivity  must  be  used. 

As  the  first  step  in  the  calculation  of  heat  flow,  the  temperature 
rise  of  the  copper  above  the  inlet  air  is  assumed.  The  heat 
generated  in  the  armature  conductors  included  in  the  central 
package  must  be  transferred  to  the  air  duct,  to  the  coil  ends,  or 
to  the  armature  iron.  The  temperature  drop  through  the  insula- 
tion for  a  given  watt  flow  per  1  in.  (25.4  mm.)  length  of  coil  is 
expressed  by 

j.  _      single  wall  thickness  of  insulation  X  watts  conducted. 
mean  periphery  of  coil  insulation  X  conductivity  of  insulation. 

.  (2) 

Using  equations  (1)  and  (2)  the  loss  transferred  from  the  copper 


to  the  air  at  the  air  duct  may  be  determined  by  trial.  The 
temperature  difference  between  the  copper  and  the  iron  to  per- 
mit the  transfer  to"  the  iron  of  the  remaining  loss  is  calculated 
from  (2).  This  energy  is  divided  equally  among  the  three 
sections  of  the  tooth. 

In  determining  the  temperature  difference  between  the  copper 
and  tooth  it  must  be  considered  that  the  temperature  of  the  iron 
of  a  unit  package  varies  along  its  length.  In  any  unit  package 
the  heat  that  is  radiated  to  the  air  duct  must  be  conducted  across 
the  laminations.  To  permit  this  flow  there  must  be  a  tempera- 
ture difference  between  the'  laminations  at  the  center  of  the  unit 
package  and  at  the  air  duct.  The  center  of  the  unit  package 
(Fig.  2)  is  the  neutral  plane  of  heat  flow  and  consequently  the 
hottest  part  of  that  package.   The  heat  flow  from  the  copper 
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to  the  iron  is  then  variable.  This  flow  varies  along  the  length 
of  the  unit  package,  being  small,  if  any  at  the  center  and  increas- 
ing from  point  to  point  to  the  air  duct.  The  temperature  rise  of 
the  laminations  in  the  unit  package  is  assumed  to  be  a  straight 
line.  From  this  assumption  it  develops  that  the  temperature 
difference  previously  calculated  between  the  copper  and  iron 
is  the  temperature  difference  between  the  copper  and  the  lamina- 
tions midway  between  the  neutral  plane  and  the  air  duct.  The 
heat  dissipated  to  the  air  duct  from  section  I  is  calculated  by 
trial  from  (1)  and  from 

0.045  8 

T   =  temperature  difference  between  the  plane  of  average 

temperature  and  the  air  duct  iron. 
W  =  watts  flow  per  sq.  inch  from  section  I  to  air  duct. 
L    —  unit  package  length. 

This  last  calculation  also  determines  the  temperature  of  the 
neutral  plane.  In  figuring  the  air-duct  dissipating  surface, 
one-half  the  surface  of  the  air-duct  spacers  is  considered  as 
effective  radiating  surface  in  addition  to  the  surface  of  the  lamina- 
tions at  the  air  duct.  From  the  temperature  of  the  neutral 
plane  and  equation  (1)  the  heat  flow  from  section  I  to  the  air  gap 
can  be  calculated. 

The  difference  between  the  total  watts  in  section  I  and  the 
watts  dissipated  to  the  air  ducts  and  gap  must  flow  to  section  II. 
It  often  occurs  that  more  than  the  total  watts  are  dissipated 
from  section  I  to  the  cooling  air  in  which  case  there  is  a  flow  from 
section  II  to  make  up  the  deficiency.  This  heat  flow  from  sec- 
tion I  to  II  or  vice  versa  causes  a  temperature  difference  from 
which  the  maximum  temperature  of  section  II  is  determined. 
The  total  watts  in  section  II  consist  of  the  watts  from  section  I 
the  watts  from  the  armature  copper,  and  its  own  loss.  The 
same  procedure  is  followed  as  in  section  I,  except  that  all  of  the 
loss  dissipated  to  the  cooling  air  must  be  by  means  of  the  air 
ducts  alone. 

This  procedure  is  followed  from  section  to  section  until  the 
calculation  for  the  last  section  is  completed  when,  if  the  correct 
copper  temperature  has  been  assumed,  all  of  the  loss  will  have 
been  dissipated.  If  there  is  any  energy  loss  remaining  that  has 
not  been  dissipated,  a  higher  copper  temperature  should  be 
assumed;  if  there  is  not  enough  loss  to  satisfy  the  condition,  a 
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lower  temperature  should  be  assumed  and  the  calculation  re- 
peated.* 

The  effect  of  various  generator  proportions  and  characteristics 
upon  internal  and  surface  temperatures  and  on  their  relative 
values,  based  upon  actual  test  data  and  data  obtained  by  the 
use  of  this  method  of  calculation,  will  be  discussed  in  detail  in 
the  following  paragraphs. 

Effect  of  Frequency 
In  Table  1,  the  50-cycle  generator,  test  6,  has  practically  the 
same  core  length  and  armature  densities  as  the  25-cycle  genera- 
tor, test  4,  yet  its-  internal  copper  temperature  rise  measured  by 
thermocouple  is  57  deg.  cent,  higher  than  that  of  the  25-cycle 
generator. 

The  maximum  temperature  rise  of  the  copper  above  the  inlet 
air  is  the  maximum  temperature  rise  of  the  armature  tooth  in 
the  center  of  the  core  plus  the  temperature  drop  through  the 
armature  insulation  at  that  place.  The  maximum  temperature 
rise  of  the  armature  tooth  depends  to  a  small  extent  on  the  heat 
flowing  to  the  tooth  from  the  copper  and  largely  on  the  iron  loss 
in  the  teeth  and  core. 

The  difference  in  the  internal  temperature  rises  experienced 
in  generators  of  different  frequencies  is  caused  mainly  by  the 
difference  in  the  core  loss.  In  the  50-cycle  generator  the  losses 
are  considerably  greater  than  in  the  25-cycle  generator,  even 
though  the  core  densities  in  the  50-cycle  generator  are  slightly 
smaller.  The  temperature  difference  in  the  two  machines  due 
to  the  increased  iron  loss  caused  by  the  higher  frequency  is 
accounted  for  very  nearly  by  the  temperature  rises  in  section  I 
of  the  tooth.  These  rises  are  70.8  deg.  cent,  for  the  50-cycle 
generator  and  33.1  deg.  cent,  for  the  25-cycle  generator,  as 
compared  with  the  corresponding  measured  copper  temperatures 
of  93  deg.  cent,  and  36  deg.  cent.  It  is  noted  that  the  difference 
between  the  armature-tooth  temperature  rises  for  the  two 
generators  is  somewhat  smaller  than  the  difference  of  the  thermo- 
couple temperature  rises;  this  being  due  to  a  greater  temperature 
drop  through  the  armature  insulation  in  the  50-cycle  generator 
caused  by  a  greater  flow  of  heat  from  the  copper  to  the  iron. 

The  60-cycle  generator,  test  1,  may  also  be  compared  with 

♦This  form  of  temperature  analysis  was  devised  by  Mr.  B.  G.  Lamme 
a  number  of  years  ago,  and  was  more  completely  worked  out  and  ap- 
plied by  his  assistant,  Mr.  F.  T.  Hague,  in  1913. 
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the  25-cycle  generator,  test  4,  to  show  the  effect  of  frequency  on 
internal  temperature  rises.  The  comparison  is  not  as  direct 
as  in  the  previous  case,  for,  although  as  before  the  armature 
densities  are  practically  the  same  in  both  cases,  the  core  length 
of  the  60-cycle  generator  is  roughly  one-half  that  of  the  25-cycle 
generator.  Yet,  in  spite  of  this  advantage,  the  60-cycle  generator 
armature-tooth  temperature  rise  is  much  higher  than  the  same 
temperature  rise  of  the  25-cycle  generator,  although  the  difference 
is  not  as  great  as  in  the  previous  case.  The  reasons  for  the 
difference  in  temperature  of  the  50-cycle  and  the  60-cycle  gener- 
ators will  be  discussed  later. 

If  the  50-cycle  generator,  test  6,  were  operated  at  60  cycles 
with  the  same  armature  densities,  the  additional  losses  caused 
by  the  higher  frequency  would  increase  the  temperature  rise 
measured  by  thermocouple  to  a  still  greater  value  than  93  deg. 
cent.  Thus,  in  comparing  the  two  generators,  tests  4  and  6,  on 
the  basis  of  the  extreme  commercial  frequencies  of  25  and  60 
cycles,  the  differences  in  internal  temperature  would  be  even 
greater  than  on  25  and  50-cycle  basis. 

From  the  test  results  in  column  4  it  is  evident  that  in  large 
25-cycle  waterwheel  generators  the  internal  temperature  will  be 
approximately  the  same  as  the  copper  thermometer  temperature 
and  will  always  be  relatively  low.  This  is  confirmed  by  several 
tests  on  25-cycle  generators;  for  examp'e: 


Rating 

Phase 

Rev.  per  min. 

Volts 

Surface 
temperature 
rise 

Internal 
temperature 
rise 

12000  kv-a  

3 

116 

11000 

47 

47 

12000  kv-a  

3 

94 

11000 

27.5 

33 

4600  kv-a  

1 

600 

11000 

45.5 

55.5 

3 

375 

13000 

31.5 

35.5 

3 

1500 

6600 

22 

31. 

For  50  or  60-cycle  maximum  rated  generators  there  is  always  a 
large  difference  between  thermometer  and  thermocouple  read- 
ings. The  thermometer  readings  in  many  cases  are  not  appre- 
ciably greater  than  for  25  cycles  but  the  thermocouple  readings 
show  a  large  difference  over  those  tor  the  lower  frequency. 

Effect  of  Core  Length 
A  change  in  core  length  affects  the  internal  temperature  in 
two  ways;  it  changes  the  volume  of  armature  material  to  be 
ventilated  and  to  a  lesser  extent  it  changes  the  proportion  of 
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heat  transmitted  to  the  coil  ends.  Of  the  two  effects  the  change 
of  armature  material  to  be  ventilated  with  a  change  of  core 
length  is  the  most  important.  With  a  given  pole  arrangement 
the  inlet  area,  between  the  poles,  for  the  armature  ventilating  air 
is  fixed.  An  increase  in  core  length,  with  other  conditions 
remaining  the  same,  results  in  a  proportional  increase  in  the 
armature  losses.  The  volume  of  cooling  air  .  through  the  fixed 
inlet  area  remains  practically  constant  with  a  given  fan  pressure 
so  that  there  is  less  cooling  air  per  kw.  loss  than  before  and 
consequently  the  temperature  rise  increases.  In  the  case  where 
a  given  generator  is  increased  in  core  length  and  it  is  required 
that  the  temperature  rise  be  kept  constant,  it  is  often  possible 
to  change  the  ventilating  fans  to  increase  the  air  pressure,  which 
results  in  an  increase  in  air  volume.  This  increase  is  usually 
not  commensurate  with  the  increase  in  armature  loss,  so  that 
this  loss  must  be  reduced  by  using  more  material.  This  makes 
it  evident  that  there  is  a  definite  core  length  in  radially  venti- 
lated generators  for  each  number  of  poles  and  each  rotor  diameter 
that  it  is  inefficient  to  exceed. 

The  end  coils  which  are  directly  exposed  to  the  cooling  air  have 
the  capacity  to  dissipate  heat;  this  capacity  varying  with  the 
temperature  difference  between  copper  and  air,  the  air  velocity, 
and  with  the  quality  and  thickness  of  the  insulation.  With  the 
heat  dissipating  capacity  of  the  coil  ends  constant,  it  follows 
that  with  an  increase  in  core  length  the  heat  flow  decreases 
from  the  center  of  the  embedded  armature  coil  to  the  coil  ends. 
For  long-core  generators,  i.e.,  generators  with  a  core  length 
greater  than  30  in.  (76.2  cm.),  it  has  been  found  by  checking 
a  number  of  tests,  that  with  a  normal  winding  practically  no 
heat  flows  from  the  center  of  the  coil  to  the  coil  ends.  On  the 
other  hand  in  short-core  generators  an  appreciable  part  of  the 
"buried"  copper  loss  will  be  dissipated  from  the  coil  ends. 

The  two  generators,  tests  1  and  6,  afford  an  excellent 
example  of  the  increase  in  temperature  rise  with  an  increase 
in  core  length;  the  generator  in  test  1  having  the  greater  fre- 
quency, but  other  conditions  remaining  practically  the  same. 
The  temperature  increase  of  the  long-core  generator,  test  6,  of 
19.7  deg.  cent,  more  than  the  generator,  test  1,  is  caused  prin- 
cipally by  the  poorer  ventilation  of  the  long-core  generator  due 
to  its  greater  core  length.  The  coil  ends  but  slightly  affect  the 
temperature  difference  in  this  case,  for  in  one  generator  only 
10  per  cent  of  the  "  buried' '  copper  loss  of  the  central  unit  package 
is  dissipated  to  the  coil  ends  while  in  the  long-core  generator 
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Effect  of  Tooth  and  Core  Densities 
The  too.th  and  core  densities  have  a  similar  effect  on  the  inter- 
nal temperature  as  the  generator  frequency,  since  both  affect 
the  copper  temperature  through  the  core  loss. 

Tests  2  and  3  bring  out  very  clearly  the  effect  of  increasing 
the  saturation  of  the  armature  iron,  other  conditions  remaining 
the  same.  The  test  conditions  for  test  4  were  exactly  the  same  as 
for  test  3  with  the  exception  that  the  armature  voltage  was 
increased  20  per  cent  which  proportionately  increased  the  tooth 
and  core  densities.  The  result  of  this  increase  was  to  raise  the 
internal  copper  temperatures  from  39.4  deg.  to  59  deg.  cent,  even 
thougfi  the  copper  loss  remained  the  same.  This  difference  in 
copper  temperatures  is  very  nearly  the  same  as  the  difference  in 
the  maximum  temperatures  of  the  armature  iron;  indicated  in 
the  table  by  the  test  temperature  of  section  I.  The  difference  in 
copper  temperatures  in  the  two  tests  is  slightly  less  than  the 
difference  in  the  iron  temperatures,  this  being  due  to  a  slightly 
increased  heat  flow  in  test  4  from  the  iron  to  the  copper.  Both 
tests  and  calculations  show  that  a  variation  of  the  iron  density 
alone  produces  a  change  in  the  internal  temperature  of  the  copper 
almost  proportional  to  the  change  in  iron  loss. 

*  Effect  of  the  End  Windings  on  the  Internal  Temperatures 
It  has  been  previously  pointed  out  that  the  end  coils  usually 
have  the  capacity  to  dissipate  heat  from  the  embedded  part  of 
the  armature  coil.  The  test  temperatures  in  tests  1,  2  and  3 
show  roughly  the  effect  of  this  flow  under  different  conditions 
of  load  for  the  same  generator.  In  test  1,  with  a  comparatively 
large  copper  loss,  the  temperature  of  the  armature  copper  is 
11.8  deg.  cent,  higher  than  the  maximum  temperature  of  section 
I  indicating  a  comparatively  large  flow  of  the  buried  copper  loss 
from  the  copper  to  the  iron.  In  test  2,  with  roughly  one-quarter 
of  the  copper  loss  in  test  1  and  a  slightly  lower  iron  loss,  the 
armature  copper  temperature  is  5.3  deg.  cent,  lower  than  the 
maximum  temperature  of  section  I,  indicating  practically  no 
heat  flow  between  the  copper  and  the  iron.  In  test  3,  with  the 
same  copper  loss  as  in  test  2,  but  a  greater  core  loss,  the  armature 
temperature  is  7.7  deg.  cent,  lower  than  the  maximum  tempera- 
ture of  section  I,  indicating  that  there  is  a  small  heat  flow  from 
the  iron  to  the  end  coils  in  addition  to  that  of  the  buried  copper 
loss. 

The  calculation  of  the  heat  flows  from  the  central  unit  package 
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to  the  end  windings  in  these  three  tests  not  only  confirms  the 
test  results,  but  gives  more  exactly  the  actual  conditions  of  that 
heat  flow.  In  test  1,  10  per  cent  of  the  buried  copper  loss  of  the 
central  unit  package  was  conducted  to  the  end  coils.  In  test  2 
all  of  that  loss  was  conducted  to  the  end  coils  besides  which  0.4 
watt  iron  loss  was  conducted  from  the  central  unit  package 
through  the  insulation  to  the  end  coils.  In  test  3,  all  of  the 
buried  copper  loss  was  again  conducted  to  the  end  coils,  and  the 
iron  loss  conducted  frofti  the  central  unit  package  was  increased 
to  1.4  watts.  This  is  equivalent  to  approximately  25  per  cent 
of  the  buried  copper  loss  in  the  central  unit  package. 

The  increase  of  end  winding  temperature  of  19.6  deg.  cent,  in  . 
test  3  over  test  2  shows  that  in  fairly  long-core  machines  it  re- 
quires the  cumulative  effect  of  but  a  very  sipall  watt  flow  from 
each  unit  package  to  raise  the  temperature  of  the  end  windings 
a  large  amount.  With  long-core  high-current-density  machines 
with  a  large  temperature  difference  between  the  center  of  the 
machine  and  the  cooling  air  at  the  end  coils,  a  vefyt  small  per- 
centage watt  flow  per  inch  length  of  coil  will  satisfy  that  difference 
and  this  flow  may  be  neglected  when  analyzing  the  heat  flow  of 
the  central  unit  package. 

Relation  of  Internal  Temperatures  to  Surface 
Temperatures 

It  has  been  shown  previously  in  this  paper  that  the  maximum 
tooth  temperature  of  a  generator  is  very  closely  related  to  the 
internal  copper  temperature.  An  inspection  of  the  detailed  test 
temperatures  in  tests  1,  2  and  3  will  show  that  the  core  surface 
temperature  measured  by  thermometer  varies  almost  in  propor- 
tion to  the  tooth  temperature. 

A  thermometer  placed  on  the  armature  end  coils  rises  after 
shut  down  when  the  flow  of  the  ventilating  air  is  stopped  so  that 
the  recorded  test  temperature  rise  of  the  end  coils  will  be  between 
the  surface  temperature  of  the  coils  during  running  conditions 
and  the  internal  copper  temperature  of  the  end  coils.  This  test 
temperature  in  any  machine  wil  be  nearest  the  operating 
surface  temperature  or  the  internal  temperature  of  the  end  coil 
copper,  dependent  on  the  rate  of  cooling  of  the  generator  after 
shut  down,  on  the  methods  of  placing  the  thermometers  on  the 
coils  and  on  the  degree  of  sluggishness  of  a  thermometer  in 
recording  temperature  changes. 

The  variations  incurred  in  measuring  the  end  coil  temperatures 
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make  the  relation  between  the  internal  copper  temperature  and 
the  end  coil  temperature  less  direct  than  in  the  case  of  the  iron 
temperatures.  Nevertheless,  an  inspection  of  tests  1,  2  and  3 
shows  that  a  change  in  the  internal  copper  temperature  results 
in  a  corresponding  change  in  the  end  coil  temperature  as  meas- 
ured by  thermometer. 

Conclusion 

The  results  of  the  tests  in  Table  1  show  that  there  is  a  wide 
divergence  between  internal  and  surface  temperatures  in  a-c. 
generator  stators.  In  the  preceding  pages  it  has  also  been  shown 
that  the  amount  of  divergence  of  the  surface  temperature  from 
the  maximum  internal  temperature  depends  mainly  on  fre- 
quency, core  length,  and  armature  voltage.  Of  the  generators 
listed  the  greatest  difference  between  surface  and  internal  temper- 
ature is  found  in  the  50-cycle  generator,  test  6;  this  temperature 
difference  being  35.5  deg.  cent.  For  a  generator  of  the  same  char- 
acteristics except  designed  for  60  cycles  and  13,200  volts,  it  is 
safe  to  say  that  the  temperature  difference  between  the  surface 
and  internal  temperatures  would  be  approximately  50  deg.  cent. 
In  the  25-cycle  generator,  test  4,  which  is  similar  to  the  50-cycle 
generator,  test  6,  with  the  exception  of  the  frequency,  the  inter- 
nal and  surface  temperatures  are  the  same.  The  results  of  these 
two  tests  show  clearly  there  is  no  one  value  that  applies  to  the 
temperature  difference  between  surface  and  interna  tempera- 
tures for  all  classes  of  a-c.  generators.  Furthermore,  it  is  evident 
from  these  tests  that  surface  temperatures  measured  by  ther- 
mometer give  no  indication  of  the  maximum  temperature  to 
which  the  insulation  is  subjected,  unless  all  the  factors  that 
effect  that  temperature  are  given  due  consideration. 
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Discussion  on  "Internal  Temperatures  of  A-C.  Genera- 
tors" (Kelly),  New  York,  February  14,  1917. 

Henry  G.  Reist:  This  paper  shows  very  clearly  the  method  of 
analysis  for  the  location  of  the  losses  that  has  become  necessary 
to  produce  the  large  turbo-generators  which  are  now  being  built. 
In  these  machines  the  losses  are  very  great,  and  as  the  author 
points  out,  the  distances  to  the  end  of  the  core  and  to  the  back 
of  the  core  are  so  large  that  very  little  heat  can  be  taken  off  from 
those  parts,  and  the  heat  must  be  transferred  to  the  cooling  air 
near  the  point  where  it  is  generated. 

This  is  usually  done  by  having  radial  or  axial  air  ducts.  In 
the  case  of  axial  ducts,  they  must  be  placed  very  close  to  the  coils, 
because  as  is  clearly  shown  the  heat  generated  in  the  teeth  and 
in  the  slots  is  very  much  greater  than  in  any  other  part  of  the 
machine.  This  heat  cannot  be  conducted  to  the  back  of  the  core 
on  account  of  the  surprisingly  large  temperature  drop  in  the  iron, 
good  a  heat  conductor  as  it  is. 

I  noticed  in  the  generators  in  the  Table  I  that  test  1  and  test  3 
have  apparently  a  higher  heat  drop  from  the  inside  of  the  coil 
to  the  outside  than  test  5,  and  that  the  difference  was  due  to  the 
method  of  applying  the  insulation. 

It  will  be  noted  that  the  other  generators  have  a  lower  poten- 
tial and  a  larger  output  than  No.  5.  They  probably  have  larger 
conductors,  and  possibly  have  greater  eddy  currents.  If  this 
was  not  taken  into  account  in  making  the  calculations,  it  may 
possibly  account  for  part  of  the  apparent  difference.  I  do  not 
think  that  it  makes  any  difference  whether  the  insulation  is 
hand  applied  or  machine  wrapped,  so  long  as  it  is  applied  with 
equal  compactness,  which  may  readily  be  accomplished  by 
removing  the  air  and  by  properly  pressing  and  cementing  the 
coils. 

Comfort  A.  Adams:  It  is  only  within  the  past  very  few  years 
that  any  quantitative  recognition  has  been  taken  of  this  drop  of 
temperature  between  the  hot  spot  and  the  surface  where  the 
thermometer  temperature  is  obtained.  When  a  large  turbo- 
alternator  would  burn  out  with  surface  thermometer  tempera- 
tures of  90  deg.  cent,  it  was  hard  to  make  the  operating  engineer 
believe  that  the  type  of  insulation  employed  would  safely  with- 
stand 125  deg.  cent,  continuously.  It  is  a  fact,  however,  that  in 
some  cases  of  long-core  machines  with  poorer  ventilation  than  is 
now  generally  provided,  this  temperature  drop  is  sometimes  60 
deg.  or  70  deg.  cent. 

Thus  it  is  that  the  designing  engineer  has  been  forced  to 
develop  some  method  of  approximately  predetermining  this 
temperature  drop.  This  is  quite  consoling  to  the  college  pro- 
fessor who  has  been  emphasizing  the  importance  of  such  analysis 
for  many  years. 

Even  were  the  method  more  tedious  than  that  proposed  by 
Mr.  Kelly,  it  would  be  well  worth  while,  if  the  results  obtained 
are  reasonably  reliable,  since  the  ability  to  predetermine  the 
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appr'vzrzao*:  b^-spot  difference  in  as  entirely  r*ew  rcachine  tray 
%sve  zrrsLih  tirae  ar/i  z&jxy*  cutting  an-d  trying.  This  wh:Ge 
tben^al  yrrs/j?rz  is  at  cooe  coe  of  the  crjst  important  and  roe  of 
the  srkoet  confiscated  prookszs  to  har.ckr  in  connection  with  the 
desgn  of  electrical  machineiy.  Tbe  accuracy  with  which  tea- 
perat-are  rise  is  predetermined  by  ordinary-  methods,  is  almost 
iie£i£rJe. 

If  I  were  to  offer  any  criticism  of  the  paper,  it  would  be  to  ex- 
press some  doubt  as  to  the  assumptions  made  as  to  the  air 
velocities  in  tbe  gap  and  ducts. 

First,  it  is  necessary  to  define  what  you  mean  by  the  velocity 
of  air  in  tbe  gap  relative  to  tbe  stator  surface.  There  are  two 
velocities,  peripheral  due  to  the  rotation  of  the  rotor,  and  axial 
usually  due  to  a  forced  draft  supplied  either  by  fans  on  the  arma- 
ture shaft,  or  by  external  fans.  Moreover  the  velocity  varies  at 
different  points  radially  across  the  gap- 
Second,  in  what  degree  does  the  heat  dissipating  power  of  the 
stator  surface  depend  upon  the  air  velocity. 

These  quantities  are  not  only  difficult  to  define,  they  are  more 
difficult  to  measure.  However,  it  is  always  possible  to  choose 
a  velocity  and  a  coefficient  of  the  velocity  term  in  the  expression 
for  heat  dissipation  per  unit  of  surface,  which  will  Cm  a  method 
such  as  that  here  given)  yield  a  result  consistent  with  that 
determined  experimentally.  It  is  obvious  also  that  a  lower 
velocity  with  a  higher  coefficient  (of  the  velocity  term  above 
mentioned;  will  yield  the  same  result,  or  vice  versa.  But  al- 
though any  one  of  these  combinations  may  yield  correct  results 
for  a  particular  machine  or  possibly  for  a  particular  type  of 
machine,  it  is  pretty  sure  to  lead  one  astray  when  applied  to  a 
machine  of  different  proportions  unless  it  is  the  one  correct  com- 
bination. 

I  should  like  therefore  to  ask  Mr.  Kelly  as  to  the  basis  of  his 
assumptions  with  regard  to  the  air  velocities  in  gap  and  ducts. 

W.  F.  Dawson:  I  suggest  that  the  temperature  coil  in  addition 
to  filling  its  primary  function  of  measuring  the  maximum  internal 
temperature  of  the  apparatus  can  also  be  made  very  useful  in 
detecting  excess  losses,  particularly  those  in  armature  con- 
ductors. Coils  placed  between  the  top  and  bottom  armature 
coils  in  the  slot  portion  give  a  reasonably  accurate  measure  of  the 
maximum  internal  temperature  of  the  coil;  while  coils  placed  at 
the  bottom  or  side  of  the  slot  give  a  lower  temperature  unless 
the  tooth  loss  is  comparatively  high.  The  difference  in  the 
readings  of  these  two  temperature  coils  gives  an  indication 
(though  not  an  accurate  value)  of  the  temperature  drop  across  the 
insulation.  As  designers  have  a  fairly  accurate  knowledge  of  the 
temperature  gradient  of  standard  insulating  materials  with 
known  losses,  excess  losses  such  as  those  due  to  Foucault  currents 
will  be  promptly  indicated  by  an  excess  drop  across  the  insula- 
tion. 

Another  method  of  detecting  excess  losses  by  means  of  tern- 
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perature  coils  is  available  to  designers,  namely:  The  checking 
of  the  actual  rate  of  initial  temperature  increase  due  to  normal 
load  with  the  estimated  rate  of  increase.  The  estimated  rate  of 
increase  will  depend  upon  the  average  current  density  and  upon 
the  amount  the  thermal  capacity  of  the  copper  conductor  is 
increased  by  the  insulation  and  other  surrounding  material. 
This  increase  in  the  thermal  capacity  of  the  copper  conductor 
averages  about  100  per  cent  and  thus  a  current  density  of  1100 
amperes  per  sq.  in.  will  give  about  one-half  deg.  cent,  rise  per 
minute  instead  of  the  theoretical  1  deg.  rise.  The  rate  of  tem- 
perature increase  varies  with  the  square  of  the  current  density. 

I  would  point  out  particularly,  in  respect  to  high-speed  ap- 
paratus, like  turbo-generators,  that  we  have  by  no  means  shown 
up  all  our  losses  when  we  take  the  PR  for  copper  losses  (from 
known  resistance)  and  core  losses,  not  even  when  we  have  added 
to  these  the  known  parasitic  losses  in  the  copper  and  the  core. 
The  windage  losses  are  very  important,  and  that  makes  compu- 
tations of  this  sort  difficult.  Our  experience  indicates  that  the 
windage  loss  of  two-pole  turbo-alternators  is  approximately 
equal  to  the  core  loss  and  yet  we  do  not  consider  that  excessive. 
The  core  loss  in  turn  is  two  to  two  and  one-half  times  the  total 
armature  copper  loss,  so  it  can  readily  be  seen  that  the  core  loss 
and  windage  play  an  important  part  in  the  losses  and  heating 
of  the  machine,  much  more  so  in  general  than  the  copper  losses. 

All  of  the  speakers  and  the  author  of  the  paper  have 
pointed  out  the  importance  of  having  sufficient  cross-section 
through  the  air  gap  to  feed  the  radial  ventilating  ducts.  That  is 
particularly  important  at  the  present  time  when  we  are  reaching 
out  for  greater  outputs,  sometimes  reducing  the  air  gap,  and 
constricting  actual  axial  cross-section  in  other  ways.  Unless 
care  is  exercised  the  machine  may  easily  be  too  long  to  have  the 
center  properly  cooled  by  air  fed  from  the  ends  through  the  air 
gap.  This  limitation  however,  can  be  overcome  to  a  certain 
extent  in  various  ways,  for  example,  by  leading  axial  canals  from 
the  end  or  pressure  chamber  axially  along  outside  of  the  stator 
punchings,  directing  the  air  into  the  ventilating  ducts  opposite 
the  center  of  the  machine,  thence  through  the  air  gap  and  out 
through  other  radial  air  ducts.  This  plan  has  been  adopted  on 
certain  long  machines  and  the  general  result  has  been  very 
satisfactory. 

H.  M.  Hobart:  I  share  Prof.  Adams'  opinion  that  the  problem 
of  ascertaining  internal  temperatures  is  one  of  great  difficulty. 
I  do  not  think  that  by  any  method  now  available,  we  can  deter- 
mine the  internal  temperatures  of  machines  with  any  close 
degree  of  accuracy.  The  degree  of  accuracy  to  which  we  can  do 
it,  unless  we  go  to  great  expense,  is  roughly  of  an  order  in  which 
at  least  ten  per  cent  error  will  be  involved.  It  is  not  a  matter  of  a 
few  per  cent;  it  is  out  of  the  question  to  attain  to  such  accuracy 
as  that;  it  is  more  apt  to  be  a  matter  of  10  per  cent  or  20  per  cent. 

I  want  to  call  attention  to  the  undesirability  of  pinning  too 
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much  faith  to  the  results  obtained  with  internal  temperature 
detectors.  They  were  quite  rightly  welcomed  a  few  years  ago 
as  a  valuable  addition  to  our  means  of  informing  ourselves  about 
the  internal  temperatures  of  electrical  machinery.  I  think  there 
is  a  danger  of  accepting  the  results  obtained  by  such  temperature 
indicators  as  too  much  superior  to  other  means  of  ascertaining 
temperature.  Cases  will  frequently  arise  where  resistance 
measurements  will  disclose  higher  temperatures  than  those 
obtained  by  internal  detectors,  and  also  cases  do  arise  every  day 
where  the  thermometer  will  give  higher  temperatures  than 
resistance  measurements,  for  instance,  in  long  shallow  field 
spools. 

I  am  of  the  opinion  that  one  should  use  all  these  means  to 
become  acquainted  with  the  temperature  of  a  generator  on  the 
occasion  of  a  test,  and  it  is  by  no  means  a  foregone  conclusion 
which  method  will  show  the  higher  result.  In  one  type  of 
machine  it  will  generally  be  a  particular  one  of  the  three  methods, 
in  other  types  of  machines  it  .will  be  another  one  of  the  three 
methods,  and  it  is  dangerous  to  reach  conclusions  without  making 
use  of  all  available  means. 

My  opinion  is  that  the  superiority  of  the  embedded  detectors, 
as  compared  with  the  determination  of  the  temperature  by 
resistance,  is  that  the  latter  is  based  on  the  assumption  that  we 
have  knowledge  of  the  cold  resistance  at  an  exactly  known 
temperature.  This  knowledge  is  generally  not  of  the  exact 
character  credited  to  it.  The  temperature  which  should  be 
coupled  with  the  cold  reading,  the  temperature  the  coil  has  at 
the  time  of  the  cold  reading,  is  often  quite  different  from  that 
which  we  assume  it  to  be.  The  error  is  apt  to  be  especially  great 
in  the  case  of  large  machines. 

But  embedded  resistance  detectors  are  calibrated  at  a  defi- 
nitely known  temperature  at  which  they  have  a  definite  resistance. 
They  are  true  thermometers,  and  they  can  generally  be  depended 
upon  to  be  quite  reliable.  They  also  have  the  advantage  that  we 
can  keep  track  of  the  temperature  through  the  progress  of  the 
heat  test.  These  are  their  chief  advantages,  rather  than  that 
they  necessarily  disclose  any  greater  approximation  to  the 
hottest-spot  temperature  attained. 

In  listening  to  Prof.  Gray's  very  clear  description  of  the  paper, 
my  attention  was  drawn  to  his  allusion  to  the  dependence  of  the 
core  losses  on  the  frequency.  There  is  some  discussion  of  it  in 
the  paper.  He  spoke  of  the  core  loss  as  being  more  or  less 
proportional  to  the  square  of  the  frequency  for  a  giv6n  density. 
I  should  like  to  call  attention  to  the  fact  that  an  analysis  of  any 
large  number  of  machines  will  show  a  much  closer  approxima- 
tion if  the  core  loss  is  taken  as  the  product  of  the  first  power  of 
the  frequency  and  the  first  power  of  the  density. 

I  have  often  made  such  studies  and  have  taken  the  opportu- 
nity on  several  occasions  to  draw  attention  to  the  results,  but  the 
old  traditions  persist.   Too  much  credit  is  given  to  the  curves 
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obtained  on  laboratory  samples,  so  far  as  relates  to  the  function 
of  the  frequency  or  density  which  the  core  losses  show  on  such 
tests,  and  we  shut  our  eyes  to  the  fact  that  it  is  utterly  otherwise 
in  the  actual  machine. 

Comfort  A.  Adams:  I  agree  with  Mr.  Hobart  on  one  point, 
namely  that  the  ordinary  calculations  of  core  losses  carried  out 
in  the  conventional  manner  are  apt  to  be  very  wide  of  the  mark. 
This  is  not  due  to  too  much  theory  but  to  too  little. 

Some  of  the  reasons  why  our  core-loss  calculations  are  wild  are 
as  follows: 

(a)  We  assume  a  uniform  average  peripheral  density  in  the 
core  back  of  the  slots. 

(b)  We  neglect  the  difference  between  the  alternating  flux 
in  the  back  layers  and  the  nearly  revolving  flux  variations  in  the 
front  layers.  In  fact  we  know  as  yet  comparatively  little  about 
this  difference. 

(c)  We  assume  some  crudely  approximate  equivalent  average 
value  of  the  flux  density  in  the  teeth. 

(d)  We  neglect  the  effect  of  the  transverse  peripheral  or 
leakage  flux  in  the  teeth. 

(e)  We  usually  do  not  attempt  to  compute  the  wave  losses 
in  the  pole  faces  or  in  the  tips  of  teeth  facing  teeth. 

(f)  We  neglect  the  tooth  frequency  losses  in  the  teeth.  These 
sometimes  extend  a  short  distance  into  the  core  back  of  the  teeth. 

(g)  We  neglect  the  tooth  frequency  pulsations  throughout 
the  whole  magnetic  circuit  due  to  pulsations  of  reluctance  as  the 
teeth  pass  the  poles  or  opposing  teeth. 

(h)  Any  of  these  high  tooth  frequency  pulsations  are  accom- 
panied by  additional  losses  due  to  the  skin  effect  in  the  lamina- 
tions. 

(i)  Finally  there  are  the  commonly  recognized  unconfutable 
losses  due  to  imperfect  insulation  between  laminations,  filing, 
burring,  etc.,  also  losses  in  the  heavy  end  plates,  supporting 
castings,  bolts,  etc. 

Of  all  these,  the  tooth  frequency  losses  with  the  extra  loss  due 
to  the  skin  effect,  are  probably  the  largest. 

As  an  illustration  take  the  first  large  steam-turbine-driven  in- 
duction generator  tried  several  years  ago  at  the  Interborough 
power  station.  The  slot  openings  were  relatively  large  and  the 
air  gap  short,  and  the  tooth  frequency  losses  so  great  that  the 
machine  overheated  at  no  load,  and  had  to  be  redesigned  in  this 
respect. 

The  fact  is  that  in  our  ordinary  core-loss  calculations  we  really 
compute  only  from  one-third  to  one-half  of  the  total  core  losses 
and  apply  a.  factor  of  ignorance  of  from  two  to  three  (sometimes 
it  should  be  even  more). 

In  the  Electrical  Engineering  Research  Division  at  the  M.  I. 
T.,  we  have  had  a  research  assistant  struggling  with  this  problem 
for  over  two  years.  In  a  few  years  more  we  hope  to  have  devel- 
oped a  method  which  will  require  a  slightly  smaller  factor  of 
ignorance. 
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Alexander  Gray:  When  first  I  started  to  teach  the  principles 
of  electrical  design  to  students  I  was  tempted  to  use  Mr.  Ho- 
bart's  formula  that 

Iron  loss  =  K  X  frequency  X  flux  density 

The  formula  is  simple  but  it  happens  to  be  a  providential  fact 
and  not  according  to  fundamental  principles  that  under  normal 
operating  conditions  the  value  of  K  is  approximately  constant 
for  machines  of  different  frequency. 

If  the  law  held  generally,  then  the  curve  of  core  loss  plotted 
against  flux  density  would  be  a  straight  line,  but  the  experimen- 
tal curve  bends  over  and  the  loss  is  more  nearly  proportional  to 
the  square  of  the  flux  density. 

We  teach  the  student  that 

Iron  loss  =  kx  B™  f  =  kt  B*f 

=  kBHfnior  a  standard  line  of  machines 

The  actual  value  may  be  found  from  a  series  of  experimental 
curves  of  iron  loss  against  flux  density  B  for  different  values  of 
frequency  /. 

With  regard  to  the  paper  itself,  it  has  already  been  pointed  out 
that  the  assumptions  made  might  be  considered  unreasonable. 
Thus  the  air  velocity  past  the  teeth  is  not  necessarily  twice  that 
past  the  iron  behind  the  teeth,  nor  can  we  readily  divide  the  iron 
losses  into  tooth  loss  and  loss  in  the  remainder  of  the  core;  the 
stray  loss  also  due  to  eddy  currents  in  the  conductors  is  hard  to 
predetermine.  By  some  designers  it  is  claimed  that  air  blown 
parallel  to  the  laminations  is  not  as  effective  as  is  air  blown 
across  the  ends  of  the  laminations,  but  the  experimental  data 
on  this  subject  are  contradictory.  Other  tests  again  have 
indicated  that  the  barrel  surface  of  a  core  is  not  as  effective  as  is 
the  surface  of  the  cylinder  ends.  In  spite  of  all  this  however  the 
author  is  within  his  rights  in  making  a  reasonable  set  of  assump- 
tions and  by  applying  a  cut  and  try  method  on  machines  on 
which  data  are  available  to  obtain  a  set  of  constants  that  may 
then  be  applied  in  the  predetermination  of  the  characteristics  of 
another  machine  of  a  similar  type.  Designers  are  doing  just  this 
thing  every  day.  I  therefore  agree  with  the  author  that  it  is 
possible  to  come  much  closer  to  the  value  of  the  hot-spot  tem- 
perature by  reasonable  assumption  and  by  calculation,  than  by 
any  kind  of  guess  work. 

Hot-spot  temperatures  is  one  of  the  subjects  that  have  been 
thrust  upon  us.  The  early  Niagara  machines  had  high  internal 
temperatures  for  twenty  years  before  the  fact  was  recognized, 
because  they  were  insulated  with  mica.  The  trouble  became  a 
live  one  about  eight  years  ago  when  high-speed  long-core  ma- 
chines with  cotton  insulation  began  to  break  down  due  to 
charring  of  the  insulation  in  the  centre  of  the  core.  Methods 
for  predetermining  the  hot-spot  temperatures  then  became 
necessary  and  one  of  the  most  rational  is  that  suggested  by  the 

vhor  of  this  paper. 
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H.  M.  Hobart:  If  Prof.  Gray  will  again  look  up  the  publica- 
tion to  which  he  refers*,  he  will  see  that  I  specifically  disclaimed 
the  interpretation  he- gives.  .  My  point  is,  if  we  take  the  working 
density  of  a  25-cycle  machine,  and  multiply  by  the  periodicity, 
i.e.,  25,  and  take  the  working  density  of  a  50-cycle  machine,  and 
multiply  by  the  periodicity,  50,  these  products  will  be 
criteria  of  the  working  core  Toss  per  pound;  thus  giving  us  a 
means,  a  purely  empirical  means,  of  getting  at  the  core  losses. 
I  do  not  assert  that  the  core  loss  is  proportional  to  the  product 
of  the  frequency  by  the  density,  but  merely  wish  point  out 
that  this  product  provides  an  empirical  means  of  arriving  At  the 
core  loss.  It  is  simply  a  case  where  we  must  resort  to  empiricism^ 
Prof.  Adams  states  that  there  are  fifteen  factors  affecting*  ftie' 
core  loss  and  that  at  present  we  only  understand  two  or  three  of 
them.  We  cannot  reasonably  expect  to  obtain  the  aggregate 
result  due  to  fifteen  causes  by  estimating  the  result  which  would 
be  occasioned  by  the  two  or  three  understood  causes  and  then 
multiplying  by  a  factor  to  take  into  account  the  12  or  13  causes 
whose  laws  have  not  yet  been  discovered.  If  by  any  happy 
chance  we  find  two  quantities  which  we  can  multiply  together, 
whose  product  for  a  group  of  one  hundred  machines  is  found  to  be 
a  function  of  the  core  loss,  we  ought  to  be  glad  to  have  such  a 
useful  empirical  rule.  We  should  not  point  to  it  with  any  par- 
ticular pride,  but  it  is  useful  in  the  hard  tasks  of  daily  life  in  mak- 
ing machines  to  do  what  we  want  them  to  do. 

A.  M.  Gray:  If  I  take  a  25-cycle  machine,  with  ten  kilowatts 
core  loss,  and  sell  it  as  a  50-cycle  machine,  do  I  get  20  kilowatts 
core  loss  or  40  ? 

H.  M.  Hobart:  It  is  rare  that  you  can  sell  a  25-cycle  machine 
for  a  50-cycle  machine  and  get  good  results.  If  with  all  the  data 
available  along  the  best  lines,  Mr.  Gray  designs  a  25-cycle  ma- 
chine, using  the  best  approved  practise,  with  regard  to  working 
density,  and  multiplies  the  density  by  25,  he  will  find  it  bears 
the  same  relation,  roughly,  to  the  core  loss  that  he  will  find  if  he 
designs  the  best  60-cycle  machine  he  can  design  when  he  multi- 
plies its  density  by  60. 

A.  M.  Gray:  You  are  dealing  particularly  with  the  density  ? 

H.  M.  Hobart:  I  am  limited  to  that. 

A.  M.  Gray:  I  would  point  out  the  difficulty  the  teachers  have. 
If  we  ask  a  student  to  predetermine  the  core-loss  curve,  we  do 
not  care  much  for  the  actual  curve,  but  like  to  get  it  in  the  right 
shape. 

H.  M.  Hobart:  I  know  from  experience  that  the  teachers' 
task  is  quite  difficult. 

W.  F.  Dawson:  I  think  possibly  there  is  a  misconception  in 
reference  to  this  matter  of  core  losses.  There  certainly  is  a 
difference  between  the  results  achieved  with  the  old  style  arma- 
ture iron  and  the  modern  alloy  steel.   With  the  old  style  iron, 

•See  pp.  112  to  118  of  Parshall  and  Hobarts  "Electric  Machine 
Design"  (John  Wiley  &  Sons.) 
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the  eddy-current  losses,  which  increased  as  the  square  of  the 
frequency,  or  thereabouts,  predominated,  whereas  with  the 
alloy  steel  the  resistance  is  so  high  .that  the  eddy-current  losses 
are  almost  negligible  at  any  regularly./ gyrated  frequencies. 
Recently  I  was  consulting  certain. ciiiye -sheets,  and  found  that 
the  core  losses  for  that  alloy  sfceety&ijfccl  as  the  first  power  of  the 
frequency.  I  do  feel  thatitl^t'^uld  not  be  the  case  with  the 
old  style  iron  having*  2*  Tfl^istance,  say,  of  one-quarter  or  less, 
that  of  the  ajtoy  "steels,  •  *  " 
A.  M.  Gta^h  JWas  that  a  rotating  machine  or  a  transformer? 
Jfz&  Ifyw&on:  That  was  a  transformer. 

^  ;  Gray:  The  trouble  is  that  the  other  thirteen  you  are 

'•losiilg,  are  all  eddy  currents. 

W.  F.  Dawson:  That  would  probably  not  be  so  if  you  have 
large  air  gaps. 

A.  M.  Gray:  I  agree  perfectly  with  respect  to  transformers, 
but  I  have  not  found  that  the  alloy  steel  makes  very  much 
difference  in  not  only  the  shape  but  the  magnitude  of  the  core- 
loss  curve,  in  any  machine  except  the  turbo-generator. 

Ralph  Kelley:  Mr.  Reist  brings  out  the  point  that  the  type  of 
ventilation  used  for  a  generator,  whether  radial  or  axial,  must 
be  effective  in  that  it  cools  directly  the  teeth  and  the  armature 
coils.  Thus,  where  axial  vents  are  used,  the  vents  must  be 
placed  in  the  teeth  or  directly  in  back  of  the  slots  to  avoid  an 
excessive  temperature  drop  between  the  copper  and  the  duct. 
The  problem  of  ventilating  a  long-core  machine  evolves  itself 
into  the  problem  of  forcing  a  sufficiently  large  amount  of  cool  air 
to  the  center  of  the  core  to  dissipate  the  losses  generated  at 
that  part  of  the  machine.  As  stated  in  the  paper,  there  is  a 
certain  core  length  for  each  type  of  machine  beyond  which  it  is 
impractical  to  radially  ventilate  the  machine,  and  axial  ventila- 
tion must  be  resorted  to  for  a  core  length  greater  than  this  value. 
The  method  of  calculation  given  is  of  service  in  determining  that 
limiting  core  length,  and  particularly,  for  axial  ventilated 
machines,  is  of  service  in  determining  the  number  and  position 
of  the  vents. 

It  is  true  that  the  generator  in  test  1  and  3  has  larger  eddy- 
current  losses  than  the  generator  in  test  5,  but  allowance  for  this 
increase  was  made  in  the  calculation,  so  that  the  difference  in 
temperature  drop  across  the  insulation  represents  largely  the 
difference  in  heat  conductivity  between  the  two  types  of  insu- 
lation. The  same  difference  appears  in  other  calculations  and 
tests  of  machines  insulated  with  hand-wrapped  and  machine- 
wrapped  insulation,  where  it  was  reasonable  to  expect  that  they 
had  the  same  amount  of  eddy-current  loss  in  the  armature 
copper.  The  present  hand-wrapped  coil  under  the  best  condi- 
tion of  pressing  and  impregnation  is  not  as  compact  a  coil  as  the 
machine-wrapped  coil  where  the  wrapper  is  applied  under  ten- 
sion while  subjected  to  heat. 

In  answer  to  Prof.  Adams'  question,  the  velocities  in  the  air 
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ducts  were  determined  by  anemometer  measurements  of  the 
air  velocity  of  the  air  ducts  at  the  back  of  the  core.  This  meas- 
urement is  necessarily  approximate,  and  as  Prof.  Adams  points 
out,  may  be  in  error,  and  still  give  correct  results  for  one  machine 
or  a  group  of  similar  machines  when  combined  with  a  like  error  in 
the  heat  conductivities.  However,  for  a  large  number  of  dif- 
ferent types  of  machines,  any  consistently  wrong  value  of  air 
velocity  or  heat  conductivity  would  not  give  correct  results  for 
all  the  machines.  It  is  important  to  remember  that  the  air 
velocities  are  by  no  means  fixed  percentages  of  the  peripheral 
speed,  and  should  be  varied  to  suit  the  different  types  of  ma- 
chines and  ventilation. 

Mr.  Dawson  brings  out  a  very  good  point  in  his  statement 
that  temperature  detectors,  properly  placed,  are  of  use  in  locating  ^ 
and  approximating  excess  losses  in  a  generator.    There  is  no' 
doubt  that  the  use  of  temperature  detectors,  combined  with 
proper  temperature  analysis  are  useful  in  locating  excessive  local 
temperatures  caused  by  the  parasitical  losses. 

Mr.  Hobart  is  very  pessimistic  about  the  possibilities  under 
present-day  conditions,  of  even  approximating  the  real  inter- 
nal temperatures  of  large  a-c.  machines.  Readings  obtained  from 
temperature  detectors  in  themselves  do  not  give  the  actual 
internal  temperatures,  but  when  these  results  are  carefully 
combined  and  analyzed,  the  true  internal  temperatures  can  be 
very  closely  approximated. 

I  do  not  agree  with  the  statement  that  it  is  a  matter  of  every- 
day occurrence  for  the  thermometer  readings  to  be  higher  than 
those  obtained  by  internal  temperature  detectors.  From  a 
large  number  of  tests  in  which  temperature  measurements  were 
made  by  the  three  regular  methods,  in  only  one  machine  were 
the  thermometer  temperatures  higher  than  those  measured  by 
thermocouple  placed  between  coils  in  the  center  of  the  core. 
This  high  thermometer  temperature  was  measured  on  the  coil 
ends,  and,  on  investigation,  it  was  found  that  the  coil  ends 
received  practically  no  ventilation.  Consequently,  the  loss 
developed  in  the  end  coils  had  to  be  conducted  to  the  iron,  and 
dissipated  to  the  air  duct.  This  heat  flow  raised  the  tempera- 
ture of  the  end  coils  higher  than  that  part  of  the  coil  embedded 
in  the  core. 

In  but  two  or  three  of  the  number  of  machines  in  which  tests 
are  available,  is  the  temperature  rise  by  resistance  higher  than 
that  measured  by  thermocouple.  These  machines  are  all  25- 
cycle  machines  with  low  temperature  rises  by  thermocouple  and 
poor  end-coil  ventilation. 

I  am  inclined  to  criticize  Prof.  Adams'  discussion  and  list  of 
inaccuracies  and  omissions  in  the  present  manner  of  calculating 
iron  loss  as  being  misleading  to  the  engineer  who  is  not  actively 
engaged  in  design  work.  That  these  inaccuracies  and  omissions 
are  real  is  unquestioned,  but,  with  the  exception  of  the  pole-face 
loss,  these  factors  are  in  the  nature  of  a  refinement  in  the  calcu- 
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lation  and  affect  the  result  by  only  a  small  percentage  as  com- 
pared with  those  caused  by  variations  in  manufacture.  When  it 
is  considered  that  machines  of  the  same  electrical  design  rarely 
have  the  same  tested  core  loss,  due  to  manufacturing  variations, 
too  much  weight  should  not  be  given  to  the  greater  accuracy  to 
be  achieved  by  greater  refinements  in  calculation.  The  tooth 
pulsation  loss,  however,  is  of  prime  importance,  and  often 
amounts  to  comparatively  large  values  in  high-speed  machinery. 
Further  investigation  regarding  the  characteristics  of  that  loss 
would  be  of  great  value  to  the  designing  engineer. 


Presented  at  the  Fifth  Midwinter  Convention  of 
the  American  Institute  of  Electrical  Engineers, 
New  Yorh,  February  14,  1917. 
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REACTORS  IN  HYDROELECTRIC  STATIONS 


BY  J.  ALLEN  JOHNSON 


Abstract  of  Paper 

The  advantages  and  limitations  in  the  use  of  current  limiting 
reactors  in  hydroelectric  stations  are  not  so  well  recognized  or 
understood  as  they  are  in  steam  turbine  stations,  but  it  is  now 
coming  to  be  realized  that  their  use  may  be  quite  as  justifiable 
and  necessary  in  the  former  as  in  the  latter. 

The  two  beneficial  results  of  reactance,  protection  and  local- 
ization, are  distinct;  the  former  being  associated  with  the  square, 
and  the  latter  with  the  first  power  of  the  reactance. 

Of  two  detrimental  results  of  reactance,  or  limitations  to  its 
use,  one,  that  of  voltage  drop,  is  well  understood  but  the  other, 
the  reduction  of  synchronous  stability  is  not  so  well  understood. 

The  installation  of  reactance  usually  results  in  a  decrease  in  the 
stability  of  synchronism.  Such  stability  may  be  expressed  in 
terms  of  the  angular  phase  displacement  between  two  groups, 
due  to  a  sudden  load  disturbance.  Practically,  complete  instabil- 
ity or  asynchronism  occurs  in  a  large  station  when  the  phase 
angle  exceeds  90  deg.  The  asynchronizing  effect  of  a  sudden 
load  change  is  approximately  twice  that  of  a  gradual  change  of 
the  same  magnitude. 

The  origination  of  a  power  surge  by  sudden  loss  of  load  and 
the  accompanying  hunting  oscillation  is  described.  Increased 
reactance  increases  the  amplitude  of  both  the  power  surge  and 
the  phase-angle  oscillation  and  also  increases  the  period.  A 
certain  amount  of  reactance  will  result  in  complete  asynchro- 
nism immediately  following  the  load  disturbance,  and  a  smaller 
amount  may  cause  troublesome  and  persistent  hunting  by 
forced  harmonic  oscillation  of  the  turbine  governors  in  combina- 
tion with  certain  hydraulic  conditions,  such  as  long  penstocks. 

It  is  shown  that  these  phenomena  form  a  practical  limitation 
to  the  use  of  reactance,  in  that  the  reactances  necessary  to  create 
the  conditions  described  are  of  the  same  magnitude  as  those  often 
indicated  for  protective  and  localizing  purposes.  The  actual 
occurrence  of  a  surge  is  described. 


THE  THEORY  and  practise  regarding  the  use  of  current-limit- 
ing reactance  in  steam  turbine  stations  are  now  fairly  well 
established  and  the  advantages  and  limitations  of  reactors  are 
well  understood.  Their  use  in  hydroelectric  stations,  however,  is 
not  so  general,  nor  are  the  limitations  imposed  by  such  service 
nearly  so  well  understood  as  are  those  of  the  steam  station. 

The  reasons  for  this  apparent  slowness  on  the  part  of  the 
large  hydroelectric  stations  to  realize  the  benefits  of  reactance 
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are  that  the  number  of  such  stations  is  comparatively  few,  they 
do  not  in  general  lend  themselves  so  readily  to  reactor  protec- 
tion, their  growth  to  mammoth  proportions  has  been  some- 
what slower,  and  so  long  as  the  principal  function  of  reactance 
was  believed  to  be  the  protection  of  the  generating  equipment, 
the  necessity  for  it  in  the  hydroelectric  station  was  not  apparent. 
Recently,  however,  it  has  been  realized  that  the  chief  function 
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X9  —  resultant  reactance  of  generators  alone 
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of  reactance  is  not  the  protection  of  the  generators  but  the  so- 
called  "protection  of  service "  or  what  the  writer  prefers 
to  call  the  isolating  or  localization  of  disturbances.  With 
this  new  viewpoint  it  has  rapidly  become  apparent  that 
reactance  is  just  as  necessary  to  the  hydroelectric  stations  and 
just  as  valuable  to  them  as  to  the  steam  turbine  stations. 

The  load  of  a  large  hydroelectric  station  usually  divides  into 
three  groups: 
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First,  the  existing  local  industries  which  adopt  electric  power 
when  it  becomes  available. 

Seccmd,  industries  which  build  up  about  the  power  station, 
due  to  the  availability  of  power  at  a  low  price. 

Third,  long  distance  load  supplied  to  cities  within  transmission 
distance. 

The  requirements  of  each  of  these  three  groups,  as  well  as  the 
likelihood  of  their  causing  interruptions  differ  materially,  making 
it  desirable  for  their  mutual  benefit  that  they  be  operated  from 
separate  bus  sections,  with  the  consequent  sacrifice  of  simplicity, 


*  reactance  between  power  source  and  feeder  bus  (x,  | 
Fig.  2 — Isolation  Effect  of  Feeder  Reactance 

All  reactance  based  on  same  kv-a.  rating 
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capacity  and  flexibility  which  such  subdivision  always  intro- 
duces. Without,  therefore,  pursuing  this  phase  of  the  matter 
further  it  is  at  once  evident  that  the  hydroelectric  station  has 
use  for  reactance,  as  by  its  means  the  whole  station  may  be 
operated  in  multiple  while  at  the  same  time  the  several  sections 
may  be  protected  from  each  other  and  each  section  from  the 
individual  lines  which  it  feeds.  Troubles  may  be  localized  or 
isolated  practically  where  they  originate,  without  communi- 
cating their  evil  effects  to  other  points. 

The  use  of  reactance  is  also  often  required,  especially  in  older 
stations,  for  the  protection  of  apparatus  other  than  the  gener- 


16S 


JOHNSON:  REACTORS 


[Feb.  14 


ators,  such  as  oil  switches  and  wiring  which  have  been  outgrown 
by  the  expansion  of  the  plant  but  which  cannot  readily  be 
strengthened  or  replaced. 

The  protective  and  localizing  functions  of  reactance  are  quite 
distinct.  The  former,  since  all  the  evil  effects  of  heavy  current, — 
mechanical  forces,  heating,  etc. — are  proportional  to  the  square  of 
the  current,  is  measured  in  terms  involving  the  square  of  the  total 
reactance;  and  the  latter  is  measured  in  terms  of  the  first  power 
of  the  reactance  involved.    (See  Figs.  1,  2  and  3.) 

Unfortunarely  the  installation  of  reactance  gives  rise  to  in- 
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Pig,  3 — Momentary  and  Sustained  Isolation  by  Feeder  Reactance 

Momentary  generator  reactance — 20% 

Synchronous  generator  reactance — 50% 

Bus  reactance— 4% 

20  generators  in  groups  of  4 

All  reactances  based  on  rating  of  one  generator 


creased  voltage  drops  and  phase  displacements  under  load  con- 
ditions which  place  a  limit  upon  the  amount  of  reactance  that 
can  be  used.  Each  installation  is  in  this  respect  a  problem  by 
itself.    (See  Fig.  4.) 

Owing  to  the  differentjnatures  of  the  three  load  groups  above 
referred  to,  and  to  the  diverse  character  of  the  apparatus  and 
transmission  lines  required  to  supply  them,  it  will  usually  be 
found  that  the  effective  localization  of  disturbances  requires  the 
installation  of  reactance  in  two  locations;  in  the  bus  between 
sections  and  in  the  individual  outgoing  feeders. 

In  connection  with  the  bus  reactances  a  new  limitation  now 
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appears  which  apparently  has  not  heretofore  been  recognized, 
due  perhaps  to  its  unimportance  in  the  steam  turbine  station. 
I  refer  to  the  decrease  in  the  synchronous  stability  of  the  station 
with  the  installation  of  reactance  in  the  bus. 

There  seems  to  be  a  somewhat  general  impression  that  the 
addition  of  reactance  increases  the  synchronous  stability. 
Such,  however,  is  by  no  means  necessarily  or  even  usually,  the 
case.  It  is  a  more  or  less  well  known  fact,  which  however  can  be 
readily  demonstrated  (See  Appendix  A)  that  the  synchronizing 
power  between  two  generators  is  a  maximum  with  reference  to 
the  circuit  constants  when  x/r  =  V  3,  or  x  =  1.732  r. 

Now  consider  the  constants  of  a  typical  hydraulic  turbine- 
driven  25-cycle  generator  of  say  10,000-kv-a.  capacity  at  12,000 
volts.  Its  armature  resistance,  is  perhaps  0.1  ohm,  whereas  its 
reactance,  perhaps  20  per  cent,  would  be  about  3  ohms  per  phase. 
That  is  we  have  here  x  =  30  r.    Even  allowing  for  the  additional 
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Fig.  4 — Arrangement  to  Control  Bus  Reactance  Current 

By  means  of  selector  switches  on  generators,  power  transfer  through  bus  reactances  may 
be  limited. 


resistance  of  connections,  it  is  obvious  that  the  reactance  is 
already  far  beyond  the  point  of  maximum  synchronizing  power, 
and  that  any  addition,  either  in  generator  leads  or  busses,  acts 
to  reduce  rather  than  to  increase  the  synchronizing  power  and 
stability.  Between  stations  widely  separated  by  transmission 
lines  of  considerable  resistance  this  condition  may  of  course  be 
reversed. 

Let  us  now  consider  a  system  consisting  of  generators  con- 
nected in  groups,  with  bus  reactances  between,  which  would 
represent  a  typical  large  hydroelectric  station.  In  such  a  sys- 
tem the  resistances  would  be  small  compared  to  the  reactances, 
and  hence  will  be  neglected  in  the  following  consideration.  (See 
Appendix  B).  Let  us  assume  this  system  in  full  operation,  each 
group  of  generators  supplying  its  own  feeders,  when  there  comes 
a  sudden  complete  interruption  of  the  load  on  one  group.  For 
convenience  let  us  call  this  group  A  and  the  remainder  of  the 
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system  group  B.  For  simplicity  let  the  power  factor  of  the  in- 
terrupted load  be  such  that  the  terminal  voltage  plus  armature 
reactance  drop  numerically  equals  terminal  voltage.  Also 
assume  that  the  turbine  gates  of  group  A  remain  open.  It  is 
apparent  that  to  determine  what  happens  we  must  consider  the 
transient  conditions. 

At  the  instant  of  interruption  the  conditions  are  as  shown  in 
Fig.  5. 

E0  is  the  terminal  voltage  of  group  A  and  —  Eq  of  group  B  before 
interruption. 

E  is  the  terminal  voltage  of  A  at  the  instant  after  interruption. 
Ei  =  I0  Xi  is  the  drop  due  to  load  current  I0  through  Xu 
the  internal  reactance  of  group  A.    The  interrupted  load  is 

P0  «  £<>  7o  cos  0 


Fig.  5 — Vector  Diagram  of  Stability  Conditions 

At  the  instant  after  interruption  the  terminal  voltage  of  group 
A  leads  that  of  group  B  by  angle  jf?  thus  producing  the  voltage 
Ei  which  is  available  to  circulate  a  current  through  x  =  xx  +  x2 
+  xz  the  total  reactance  of  groups  A  and  B  and  the  bus,  in 
series.    The  magnitude  of  this  initial  circulating  current  is, — 

j   _  £1  __  _  r     *l  /i\ 

Xi  -j-  X%  -j-  Xi  X  X 

and  as  it  lags  90  degrees  behind  Ei  it  is  in  the  same  phase  po- 
sition as  I0  and  has  a  component  in  phase  with  E  and  in  phase 
oppostion  with  -£0.  It  is  synchronizing  current,  accelerating 
group  B  and  retarding  group  A. 

The  initial  synchronizing  power  flowing  from  group  A  to 
group  B  then  is 


Pi  =  Eh  cos  6  =  £  70  —  cos  d  =  P0  — 


(2) 
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or  the  synchronizing  power  immediately  following  the  interrup- 
tion :s  ^~  of  the  interrupted  load. 

The  conditions  then  are  as  follows:  The  interrupted  power 
P0  is  still  pouring  into  the  generators  of  group  A  from  the  tur- 
bines.   Of  this,  Pi  =  P0        is  leaving  the  generators  and  ac- 

x 

celerating  group  B,  but  the  remainder  P2  =  P0  —  Pi  is  being 
applied  to  accelerate  group  A.  As  the  ratio  of  the  inertia  of 
group  A  to  that  of  group  B,  is  less  than  that  of  P%  to  Pi,  group, 
A  accelerates  faster  than  group  B.  This  results  in  an  increase, 
which  we  will  call  y,  in  the  phase  displacement  of  group  A  with 
respect  to  B  and  causes  an  increase  in  the  synchronizing  power, 
according  to  the  equation, — 

pi  =  gsin(/?+T)  (3) 


As  Pi  increases,  p%  (=  P0  —  Pi)  decreases  but  still  has  a 
positive  value  until  the  displacement  reaches  a  point  where 
Pi  =  Po-  At  this  point  all  the  power  input  from  the  turbines  to 
group  A  is  being  passed  on  to  group  B  and  the  acceleration  of 
group  A  with  respect  to  group  B  ceases.  But  the  acceleration 
now  being  zero,  the  speed  with  respect  to  group  B  is  a  maximum. 
From  this  point  on  p%  becomes  negative,  that  is,  the  energy 
stored  in  the  flywheel  effect  of  group  A  is  taken  out  and  passed 
on  to  group  B  causing  A  to  retard.  Its  velocity,  however,  with 
respect  to  B  being  still  positive,  the  phase  displacement  con- 
tinues to  increase,  with  a  resultant  increase  of  the  synchronizing 
power,  Pu  which  is  now  supplied  from  the  stored  energy  of  A 
plus  the  turbine  input  P0. 

This  increase  in  Pi  and  y  continues  until  the  speed  of  group  A 
with  respect  to  group  B  is  brought  back  to  zero,  that  is  until 
both  groups  are  again  momentarily  running  at  the  same  speed, 
when  y  is  at  its  maximum  value. 

The  maximum  values  reached  by  Pi  and  y  are  difficult  to 
exactly  calculate.  While  a  rigid  mathematical  determination  of 
their  values  might  be  of  academic  interest,  an  approximate 
solution  is  of  more  practical  value.  Attacking  the  problem 
therefore  in  a  practical  way  approximate  values  may  be  arrived 
at  with  various  degrees  of  accuracy  in  the  following  ways. 
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First,  if  we  assume  that  the  maximum  value  of  Pi  is  the  same 
as  it  would  have  been,  had  it  been  reached  by  a  straight  line  in- 
stead of  a  sine  curve;  that  is,  if  P\  and  (fi  +  7)  are  united  by  a 
straight  line  instead  of  a  sine  function,  we  can  apply  the  usual 
law  of  the  suddenly  applied  force,  that  maximum  deflection  is 
twice  -i  that  due  to  the  same  force  slowly  applied,  or  maximum 
reactive  force  twice  the  suddenly  applied  force. 

The  suddenly  applied  force  here  is  Pa,  (strictly  the  torque 
produced  by  P2).  The  maximum  reactive  force  then  is  2P2 
which  added  to  the  initial  force  P\  gives  the  total  resultant  force 
(synchronizing  power)  at  maximum  deflection.  9  The  maximum 
deflection  or  angular  displacement  then  is  approximately 


Second,  if  we  neglect  the  slight  change  in  speed  so  that  we  can 
put  torque  proportional  to  power  we  can  immediately  equate  the 
work  done  on  group  A  by  the  turbine  with  that  done  by  group 
A  on  group  B  during  the  time  that  7  is  increasing,  as  at  the 
instant  when  7  is  a  maximum  the  speeds  of  the  two  groups  are 
again  the  same  and  all  the  energy  put  into  group  A  has  been 
taken  out  again.  (This  is  strictly  true  only  if  group  B  be  of  in- 
finite inertia,  so  that  its  speed  cannot  change,  but  is  relatively 
true  in  any  case.)  Since  the  speed  is  assumed  constant  we  have 
torque    T  =  P0  times  a  constant  K  or  T  =  K  P0,  whence 

Work  done  on  group  A  is 


(P  +  7)  max.  =  sin- 


E? 


=  sin-1 


(Pt+2P,)s 
E* 


(4) 


W.=  Tym  =  KPo7m 


(6) 


Work  done  by  group  A  is 


Pidy 


(0+7m) 


KB? 


[vers  (0  +  7m)  -  vers  0] 


x 


~~  [cos  P  -cos  (fi  +  ym) 


(6) 
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Equating 


W.  =  Wi  =  KP0  ym  = 


KE1 


[cos  p-  cos  (0  +  7JI 


7*  +  cos  (fi  +  7m)  =  cos  0 


(7) 


The  values  of  P0»  ^  and  0  being  known,  this  equation  can 
easily  be  solved  for  ym,  the  maximum  value  of  7,  by  trial  and 
error. 

Third,  the  result  can  be  attained  by  arithmetic  integration, 
which  practically  must  be  employed  when  hydraulic  conditions 
enter  into  the  calculations,  as  in  the  case  where  there  are  long 
penstocks.  In  an  actual  case  the  first  method  gave  (0  +  7m) 
=  48.3  deg.,  the  second  method  46  deg.  and  the  third  46.05  deg. 

The  synchronizing  power  Pi  reaches  its  maximum  value  when 

(  &  +  7)  becomes  equal  to      radians  or  90  deg.    Therefore  if 

(0+7)  exceeds  the  value     ,  pi  begins  to  decrease,  the  condition 

becomes  completely  unstable  and  the  two  systems  will  fall  out  of 
step.  It  is  therefore  essential,  if  this  condition  is  to  be  avoided, 
that  the  reactance  be  so  chosen  with  reference  to  the  other  con- 

ditions  that  ( 0  +  7W)  shall  always  be  less  than  radians. 

A  mathematical  expression  for  relative  stability  may  be  de- 
rived in  terms  of  the  angular  electrical  phase  displacement  of 
two  systems  when  subjected  to  a  certain  definite  load  disturbance. 
Since  sudden  loss  of  full  load  of  one  group  is  possible,  and  may 
be  considered  the  worst  possible  case,  it  appears  desirable  to  use 
this  condition  as  the  criterion  of  stability.  For  any  given  case 
the  maximum,  or  100  per  cent,  stability  will  exist  with  zero  exter- 
nal reactance;  and  zero  stability,  or  complete  asynchronism  will 
occur  when  the  reactance  is  such  that  the  maximum  phase  dis- 

placement  due  to  sudden  loss  of  full  load  becomes  equal  to — 5- 

radians  or  90' deg.  (assuming  t  negligible  compared  to  x).  The 
expression  for  relative  stability  then  becomes 

Per  cent  stability  =  100  /  1  \ 
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It  remains  to  be  shown  that  instability  of  synchronism  is  a 
practical  limitation.  As  a  typical  illustration  I  have  assumed 
a  plant  consisting  of  20  units  of  10,000  kw.  each,  connected  in 
five  groups  of  four  generators  each,  separated  by  bus  reactances. 
Figs.  6  and  7  show  the  stability  conditions,  when  connected, 
respectively,  to  a  closed  ring,  an  open  ring,  and  a  reactance  bus, 
expressed  in  terms  of  the  maximum  angle  of  phase  difference 
due  to  sudden  total  loss  of  load  of  one  group.    Fig.  8  shows  the 


Oaed  Rmg  Bus  ~~ 

Wuiinv"lTiirJ"T^^ 

°™^A  OwnRinrBu.   

BMCtaoet  &■ 

1111   ill    ill   ufi  llll 

// 

1, 

*// 

.96 

PERCENT  BUS  REACTANCT 

Pig.  6 — Maximum  Angular  Phase  Displacement  on  Sudden  Loss  of 
Load  of  One  Group 

Generator  reactance — 20% 
20  generators  in  groups  of  4 
Bus  reactance— 4% 

Bus  reactance  based  on  rating  of  one  generator 
Load  power  factor  100% 


comparison  of  protective  effect  and  stability  of  the  reactance 
bus  scheme,  both  expressed  in  per  cent.  These  curves  are  cal- 
culated according  to  the  first  method  previously  stated,  and  are 
therefore  approximate.  They  show  clearly  that  the  values  of 
reactance  which  will  cause  instability  are  about  the  same  as 
those  often  found  desirable  for  protective  purposes. 

Even  though  the  amount  of  external  reactance  installed  is  not 
sufficient  to  cause  complete  instability,  serious  results  may, 
nevertheless,  result.    The  period  of  the  oscillation,  /,  depends 
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upon  the  moment  of  inertia  of  the  rotating  machinery,  the  speed 
of  rotation  and  other  constants,  and  for  small  oscillations  is 
given  approximately  by  the  formula 


2ir 


Wr*SZ 
Kgn&p 


(8) 


I    I  I — I    »    I    I  I 

Cktd  Ring  Bus 


Open  Ring  Bus 
R— ctaw  Bui 


.120 


4  6  8 

percent  bus  reactance 

Fig.  7 — Maximum  Possible  and  Maximum  Actual  Synchronizing 
Power  on  Loss  of  Full  Load  of  One  Group 

Generator  reactance — 20% 

20  generators  in  groups  of  4 

Bus  reactance  based  on  rating  of  one  generator 


Where  W    =  weight  of  revolving  parts  of  generators  of  one 
group. 

r      =  radius  of  gyration  of  generators. 
5     =  speed  of  rotation  in  rev.  per  min. 
Z     =  impedance  of  circuit. 
n     =  number  of  phases. 
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E     =  volts  per  phase  to  neutral. 
p     =  number  of  field  poles 
g     =  acceleration  of  gravity. 

K    =  a  constant  (=  3.5  when  W,  r  and  g  are  in  Eng- 
lish measure). 
In  the  specific  case  under  consideration. 


nfr  nfr  i$r  nfr  ilr  _ 


100 


80 


40 


20 


0  2  4  6  8  10  12 

percent  bus  reactance 

Fig.  8 — Comparison  of  Protective  Effect  and  Stability  of  Reac- 
tance Bus  Scheme 

Generator  reactance — 20% 

20  generators  in  groups  of  4 

All  reactance  based  on  capacity  of  one  generator 

Explanation — if  reactance  exceeds  6.9%,  loss  of  total  load  on  one  group  will  result  in 
complete  desynchronizing  of  the  group  affected 


Per  cent  protective  effect  -100 1 


Per  cent  stability  -  100  1 1  — ■ 


(i  

\  (*.+*.)«/ 


(See  Pig.  1) 


Wr*  =  5,500,000  lbs.  ft.2  per  generator,  or  22,000,000  lbs. 

ft.2  per  group. 
S     =  187.5  rev.  per  min. 
Z     =  x  (since  r  is  negligible  compared  to  x) 
n  =3 

E     =  6930  (12,000  volts  between  terminals) 
p     -  16. 
K    -  3.5. 
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The  periods  of  the  oscillation  for  the  various  values  of  bus  reac- 
tance considered  are  then  shown  in  Fig.  9.  The  initial  values 
are  those  determined  by  the  instantaneous  reactance  and  the 
final  values  by  the  synchronous  reactance.  From  Figs.  6  and  9 
it  is  seen  that  the  addition  of  reactance  increases  both  the.  period 
and  the  amplitude  of  the  hunting  oscillation.  Both  of  these 
effects  tend  to  aggravate  the  accompanying  gate  movements,  so 
that  under  suitable  cond  tions  very  cons:derable  turbine  gate 


Closed  Ring  Bos 


Open  Ring  Bug 


Reactance  Bus 


1.6 


81.4 

UJ 
CO 

I" 


4  6  ,8  10 

bus  reactance  percent 
Fig.  9 — Period  of  Hunting  Oscillation 

Generator — 12,000-volts — 187.5-rev.  per  min. — 25-cycles — 3-phase 
20  generators  in  groups  of  4 — Wr* — 5,600,000  lbs.  ft.J  each 
Bus  reactance  based  on  rating  of  one  generator 
Generator  reactance — momentary  20% — synchronous  50% 


movements  mc>y  result  from  and  accompany  the  hunting  os- 
ci  lation.  As  turbine  governors  operate  on  the  centrifugal  prin- 
ciple, the  most  rapid  gate  movement  occurs  when  the  speed  is  at 
its  maximum  departure  from  normal,  which  is  at  the  instant 
when  the  phase  displacement  and  synchronizing  power  are 
passing  through  their  average  values,  that  is,  when  the  angle  of 
oscillation,  y  is  passing  through  zero. 

In  plants  with  long  penstocks,  when  the  turbine  gates  move, 
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the  first  effect  is  the  opposite  of  that  intended.  That  is,  as  the 
gates  start  to  close,  the  sudden  retardation  of  the  penstock 
velocity  creates  additional  pressure,  which  momentarily  in- 
creases the  power  delivered  to  the  turbine,  thus  causing  acceler- 
ation of  the  turbine  where  retardation  was  intended. 

In  the  particular  case  chosen  for  illustration,  the  turbines  are 
assumed  supplied  through  penstocks  322  feet  (98.1  m.)  long  and 
63  sq.  ft.  (5.85  sq.  m.)  in  area  under  aji  effective  net  head  of 
189  feet  (57.6  m.).  (These  values  are  chosen  for  convenience 
in  calculation.  They  are  not  intended  to  represent  exactly  any 
actual  case.) 

Assuming  an  efficiency  of  80  per  cent  the  discharge  will  be 
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Pig.  10 — Power  and  Head  During  Closing  of  Water- Wheel  Gates 

Time  for  complete  stroke  3  seconds 
Length  of  penstock — 322  feet 
Area  of  penstock— 63  sq.  ft. 
Net  head— 189  ft. 


10,000  X  550 


0.746  X  62.5  X  189  X  80 
second  and  the  penstock  velocity  will  be 


=  782  cubic  feet  (22.13  cu.m.)  per 


782 
63 


=  12 . 4  feet  per  second.  (3 . 78  m.  per  sec.) 


With  the  governors  so  adjusted  as  to  make  a  complete  stroke  in 
3  seconds,  the  mean  effective  increase  in  head  while  the  gates 
are  closing  will  be 

l  LxV  322  X  12.4  A.  Q  -  W10KQ  v 
ha  =  —  =    32  2  x  3   -  41.3  feet  (12.58m.) 
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The  increase  in  head  increases  the  velocity  through  the  gates 
and  the  power  for  each  position  of  the  gate  is  increased  above 
what  it  would  be  at  a  constant  head.  Pig.  10  shows  the  values  ' 
of  head  and  power  for  the  above  case  during  the  first  two  seconds 
of  the  closing  stroke.  These  curves  show  that  for  0.77  of  a 
second  the  power  is  highe*  than  the  initial  value,  although 
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Pio.  11 — Power  Surges  or  Hunting  Between  Water- Wheel  Driven 
Generators  Due  to  Reactance 

Pull  lines — wheels  without  penstocks 
Dotted  lines — wheels  with  penstocks 


during  this  time  the  gate  has  closed  to  74.3  per  cent  of  its  full 
open  position.  Thus  it  is  seen  that  the  oscillation  of  the  gate, 
a  quarter  cycle  out  of  phase  with  the  synchronizing  power  oscilla- 
tion serves  to  supply  positive  and  negative  power  to  the  os- 
cillating system,  just  at  the  proper  times  to  keep  it  in  oscillation. 
If  the  power  supplied  in  this  manner  exceeds  the  losses  due  to 
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the  oscillation,  the  hunting  will  increase  until  the  supply  and  the 
losses  become  equal  Fig.  11  illustrates  the  conditions  graphi- 
cally for  the  above  specific  case  as  worked  out  by  arithmetic 
integration,  showing  clearly  the  time  phase  relations  between 
the  various  actions. 

The  addition  of  reactance,  therefore,  in  such  a  location  that 
it  may  be  encountered  by  the  synchronizing  current  between 
generators  or  between  groups  of  generators,  produces  two  re- 
sults as  affecting  the  synchronous  stability  of  the  system.  First, 
it  increases  the  amplitude  of  the  hunting  oscillation.  This 
makes  it  more  likely  that  the  two  systems  will  twist  out  of  the 
synchronism  on  the  first  quarter  cycle  of  the  oscillation.  Second, 
it  increases  the  period  of  the  hunting  oscillation.  The  combined 
effect  of  the  increased  amplitude  and  the  increased  period  causes 
a  wider  range  of  turbine  gate  movement.  The  resulting  oscilla- 
tion of  the  gates  may  cause  very  appreciable  power  impulses,  in 
time  with  the  hunting  oscillation,  and  in  such  phase  relation 
thereto  as  to  maintain  the  oscillation  indefinitely  or  possibly  to 
increase  it  to  the  point  where  asynchronism  finally  results. 

In  a  certain  case  where  there  were  16  generators  connected  in 
groups  of  four  in  an  open-ring  system  with  12  per  cent  reactance 
between  groups,  capacity  of  generators  about  9000  kw.,  12,000 
volts,  a  surge  was  started  by  the  sudden  rejection  from  the  end 
bus  section  of  a  load  of  about  20,000  kw.,  and  continued  until 
the  circuit  breakers  were  opened,  separating  the  groups.  The 
surging  did  not  confine  itself  to  the  section  in  trouble  and  the 
immediately  adjoining  section  but  was  communicated  with  prac- 
tically unreduced  violence  to  all  the  sections.  Wattmeters  con- 
nected in  the  bus  reactance  circuits  showed  more  than  full  scale 
— 12,000  kw. — at  each  oscillation,  and  this  power  surged  back 
and  forth  between  generator  groups  about  60  times  a  minute 
until  the  switches  were  opened.  Overload  relays  in  the  circuits 
set  for  one  second  time  limit  failed  to  trip  the  switches  owing  to 
the  rapid  reversals  of  the  surges.  These  surges  were  accom- 
panied by  oscillations  of  the  turbine  gates  over  a  range  of  about 
10  per  cent  of  full  stroke. 

The  amount  of  reactance  required  to  create  such  conditions 
of  instability  as  herein  described  is  of  the  same  order  of  magni- 
tude as  that  required  for  protective  and  localizing  purposes. 
Such  being  the  case  it  follows  that  no  installation  of  current 
limiting  reactance  can  safely  be  undertaken,  at  least  in  a  hydro- 
electric plant,  without  a  thorough  investigation  of  the  effect  of 
such  installation  upon  the  synchronous  stability  of  the  $tatiQQ« 
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APPENDIX  A 

Proof  That  Maximum  Synchronizing  Power  Occurs 

When  —  =  V  3~. 
r 

Let  E  be  the  voltage  of  one  generator  or  group. 

Then  -  E  (a  +j  b)  will  be  the  voltage  of  the  other  generator 

(motor)  or  group,  ~  being  the  tangent  of  the  phase  angle  be- 
tween them. 

The  resultant  or  vector  sum  of  these  two  voltages  Elf  is  that 
which  causes  current  to  flow  and  has  the  value 

E1  =  E  —  E  (a  +  jb)  =  £(1-  a- j  b)  (9) 

The  current  which  flows  then  is, 

/==  g(l-q-jft) 
r  —  jx 

=  E(r+jx)  (l-a-jft) 
r*  +  x2 


(10) 


-  7T^t^a-«)  +bx  +  J\(l-a)x-br}] 

The  synchronizing  power  then  is, 

P.  =  /  [-  E  (a  +jb)}  =  -  -ff-^  [ar  (1  -  a) 

+  abx  +  b  \{\-  a)x-  br)\ 

E* 


r*  +  x* 


[ar  —  a*r  +  abx  +  bx  —  abx  —  b*  r] 


but  a*  +  b*  =  1  and  b  =  V  1  -  a* 
Whence  P.  =  r^—t  [ar  +  x  Vl-a1-  r]  (11) 

T    ~t~  X 
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Differentiating  with  respect  to  a  and  equating  to  0, 

da  r»  +  x»Lf  +  Vl-c*J~ 

r  Vl-o1  =  xa 
r*(l-  o*)  =  **a! 


az  = 


r*  +  x* 


a  =  (12) 


Substituing  this  value  of  a  in  equat'on  (11)  gives  the  equation 
for  the  maximum  value  of  P,  with  respect  to  the  phase  angle: 

P.  (max)  =  ^V— .  f  .   r*       +  x  V  1  r  1 

v  r*  +  x*  |_Vr*  +  **  r*+x*  J 

£*     r     r*  x*      _  r  1 

r*  +  x*  |_W  +  x*      Vr*  +  x*     *  J 


P    [V  r1  +  x*  -  r) 


r'+x* 


-    r[     1  r  1 
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Differentiating  with  respect  to  x/r  and  equating  to  0, 

_  L-o-  —        -  2  — 
dP.  _     2   '     r  r  =Q 


"(f)  -{W 


+ 


■V+i)    -(— +0 


=  1 


1 


^4  +  1 


=  2 


+  1  -  4 


^  =  3 


f  =  vy  (M) 

The  writer  wishes  to  acknowledge  indebtedness  in  connection 
with  the  above  to  Mr.  H.  R.  Woodrow. 

APPENDIX  B 

Effect  of  Neglecting  Resistance  of  Generators  and 

Connections 
The  equation  for  maximum  synchronizing  power  is, 


P.  (max)  -  -  E?  L 

(13) 


from  which  values  of  P,  (max)  can  be  determined  for  assumed 
values  of  x  and  r 

If  we  put  r  =  0  this  equation  becomes  indeterminate. 
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The  general  equation  for  P9  is, 

P-  =-fT^  (ar  +  xVT=7*-r)  (11) 
putting  r  =  0 

P*  =  — (*  ^T=T>)  =  -  J£-  VT=rf  (16) 

differentiating  with  respect  to  a  and  equating  to  0. 


whence  a  =  0 
Substituting  in  (16) 

P.  (max)  =  -         V  1=W  =  -  -f-  (16) 

TT 

Also  since  when  a  =  0  the  phase  angle  =  -g-  radians  or  90  de- 
grees it  follows  that  when  r  is  zero  the  maximum  synchronizing 
power  occurs  at  a  phase  angle  of  90  degrees. 

The  following  table  serves  to  illustrate  the  compa  ratively  small 
error  in  the  maximum  synchronizing  power  due  to  neglecting  the 
resistance  in  a  case  where  there  are  two  groups  of  four  10,000- 
kv-a.  generators  of  20  per  cent  individual  reactance,  12,000 
volts,  3  phase,  187.5  rev.  per  min.,  for  various  values  of  bus 
reactance  between  the  two  groups. 


Bus 
reactance 
per  cent. 

Total  reactance 

Total 
resia. 

Max.  *yn. 
power  resis. 
considered 

Max.  syn. 
power  res. 
•  neglected 

Per  cent 
error 

Per  cent 

Ohms 

0 

10 

1.44 

0.042 

97,300  kw. 

100.000  kw. 

2.77 

2 

12 

1.73 

0.048 

81,200  " 

83,200  " 

2.47 

4 

14 

2.02 

0.054 

60,400  * 

71.300  " 

2.73 

6 

16 

2.30 

0.060 

61.300  ' 

62,600  - 

2.12 

8 

18 

2.59 

0.066 

54.300  " 

55.600  " 

2.40 

10 

20 

2.88 

0.072 

48,800  * 

50.000  " 

2.46 

12 

22 

3.17 

0.078 

44,400  " 

45.500  « 

2.40 

15 

25 

3.60 

0.087 

39,000  - 

40,000  " 

2.67 

20 

30 

4.32 

0.102 

32,700  " 

33.300  " 

1.84 

It  is  therefore  evident  that  no  appreciable  error  is  made  by 
neglecting  the  resistance  in  calculating  the  values  for  the  first 
half  cycle  of  the  oscillation.  The  resistance  would  of  course 
have  to  be  considered  in  calculating  the  attenuation  during 
subsequent  cycles. 


Presented  at  the  Fifth  Midwinter  Contention  of 
the  American  Institute  of  Electrical  Engineers, 
New  York,  February  14.  1917* 
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EFFECT  OF  CURRENT  LIMITING  REACTORS  ON 
TURBO-GENERATOR  SYSTEMS  UNDER 
CONDITIONS  OF  SHORT  CIRCUIT 


BY  P.  B.  JUHNKE 


Abstract  of  Paper 
An  account  of  a  cable  breakdown  near  one  of  the  generating 
stations  of  the  Commonwealth  Edison  Company's  system.  The 
breakdown  resulted  in  a  second  breakdown  on  same  line  within 
the  station,  which  prevented  the  oil  switch  from  automatically 
disconnecting  the  fault.  The  system  is  amply  protected  by  re- 
actors for  generators  and  between  bus  sections.  Their  effect 
on  the  stability  of  synchronous  apparatus  on  sections  protected 
by  them  is  very  marked.  The  protection  to  generating  station 
apparatus  was  complete.  Comparison  of  maximum  stresses  en- 
countered in  the  snort  circuit  as  it  occurred  with  what  they 
might  have  been  without  reactors  present  are  made,  and  the  con- 
clusion is  drawn  that  without  them  the  damage  resulting  would 
have  been  considerable  and  the  service  interruption  far  more 
general  and  serious. 


WHILE  current-limiting  reactors  are  by  no  means  of  recent 
date,  having  long  passed,  the  experimental  stage,  com-, 
paratively  little  data  are  available  showing  in  what  manner  they 
perform  their  intended  functions  under  conditions  of  short  cir- 
cuit on  systems  protected  by  them.  This  paper  contains  an 
account  of  a  cable  breakdown  near  the  generating  station, 
which  resulted  in  a  second  failure  on  the  same  line  within  the 
station,  between  the  current  transformer  and  the  automatic  oil 
switch,  thereby  preventing  immediate  operation  of  the  latter. 
As  the  system  in  question  is  one  of  the  largest  in  the  country, 
amply  protected  by  reactors  on  the  generators  and  between 
sections  of  the  bus,  an  analysis  of  the  effect  of  the  short  circuit 
on  the  system  might  not  be  without  interest. 

Events  Before  and  During  Trouble 
The  system  in  question  is  that  of  the  Commonwealth  Edison 
Company.    The  breakdown  in  question  occurred  at  the  Quarry 
St.  station  on  line  No.  223,  December  22,  1916,  7:31  p.m.  Its 
first  indications  were  the  tremendous  roar  of  the  generators, 
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the  violent  swinging  of  all  tie-line  and  transmission-line  ammeters, 
the  automatic  opening  of  the  switches  on  the  5000-kw.  fre- 
quency changer,  which  tied  the  25  and  60-cycle  systems,  and  the 
automatic  opening  of  lines  212,  213,  and  226.  After  a  period 
of  about  10  to  15  seconds,  the  automatic  opening  of  line  switch 
No.  223  cleared  the  trouble. 

When  the  short  circuit  had  cleared  itself,  about  80,000  kw. 
of  system  load  had  been  automatically  disconnected  by  the 
operation  of  the  protective  devices  in  the  sub-station.  This 
resulted  in  a  rise  of  the  system  frequency,  which  caused  three 
of  the  four  Quarry  generators  to  trip  out  on  the  steam  end. 

An  investigation  revealed  the  fact  that  the  connector  be- 
tween oil-switch  leads  and  current  transformers  on  B  and 
C  phases  of  line  No.  223  as  shown  in  Fig.  1,  had  burned 
off  and  that  one  of  the  leads  had  established  an  arc  to 
a  ground  bus  and  the  other  to  a  bolt  embedded  in  con- 
crete. The  arc  had  damaged  the  relay  wiring  on  B  and  C  phases 
of  line  No.  223,  making  these  i 
two  relays  inoperative,  but  leav- 
ing A  phase  relay  intact.  A  test 
on  the  cable  of  line  No.  223  in- 
dicated that  the  line  had  burned 

open  onB  and  C  phases  outside  F,G  Transfc-ek 

1  ,  ,       _  Connector 

of  the  station,  and  that  A  phase 

was  grounded.  The  cable  fault  was  located  in  the  conduit  on 
station  grounds,  about  600  ft.  from  the  oil  switch.  About 
two  feet  of  the  cable  was  found  to  have  been  destroyed. 

When  repairs  were  made  it  was  found  that  this  burnout  had 
occurred  within  a  very  few  feet  of  the  location  of  a  previous 
burn-out  on  line  No.  1222,  which  was  m  a  diagonally  adjacent 
duct.  Nothing  serious,  however,  was  indicated  by  the  latter 
burn-out.  The  switch  had  opened  promptly  and  the  cable  gave 
do  evidence  of  any  unusually  severe  trouble. 

When  repairs  on  line  No.  223  were  made  and  the  close  prox- 
imity between  this  bum-out  and  the  burn-out  on  line  No.  1222 
was  established,  it  was  thought  best  to  dig  up  the  conduit, 
break  out  the  ducts  and  expose  the  cables  to  determine  if  any 
other  cables  had  been  injured.  This  was  impossible  at  the  mo- 
ment, as  the  ground  was  covered  with  storage  coal,  and  it  was 
several  days  before  the  coal  could  be  removed  for  the  purpose. 

On  exposn^r  the  cable  it  was  found  that  an  adjacent  duct  wall 
had  been  broken  and  that  the  lead  had  been  burned  from  one 
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side  of  line  No.  1217  in  this  same  duct.  The  force  of  the  ex- 
plosion had  pushed  the  cable  of  this  line  forcibly  against  one 
side  of  the  duct,  so  that  the  exterior  of  the  cable  assumed  very 
closely  the  form  of  the  inside  of  the  tile  ducts.  This  is  shown  in 
Fig.  4,  which  is  reproduced  from  a  photograph  of  a  section  of  this 
cable  after  removal.  The  external  injury  to  this  cable  at  the 
location  of  the  burn-out  is  shown  in  Fig.  5,  as  it  was  found  eight 
days  after  the  trouble  on  line  No.  223  occurred,  during  which 
time  it  had  been  in  continuous  operation.  This  line  did  not 
break  down,  but  the  cable  was  removed  and  replaced. 


Fig.  3 — Plan  Showing  Conduit  Location  and  Points  of  Burnouts — 
Quarry  Station  Property 

Analysis  of  Sequence  of  Events 
An  analysis  of  the  trouble  led  to  the  conclusion  that  the  initial 
fault  on  line  No.  223  occurred  between  B  and  Cphases  in  the  cable. 
With  the  lead  sheath  at  the  location  of  the  burn-out  destroyed 
by  the  previous  burn-out  on  line  No.  1222,  this  was  the  most 
likely  failure  and  probably  due  to  moisture  penetrating  the  in- 
sulation. 

It  is  believed  that  when  the  fault  outside  was  established,  the 
great  rush  of  current,  largely  due  to  the  nearness  of  the  fault  to 
the  station  bus,  caused  the  joint  between  the  lead  from  the  oil 
switch  and  the  current  transformer  to  break  apart  on  both  B 
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and  C  phases.  It  is  probable  that  when  the  arc  to  ground  was 
established,  the  arc  to  the  short-circuited  cable  was  maintained 
until  A  phase  broke  down  either  to  ground  or  to  one  of  the  other 
phases,  which  caused  the  A  phase  relay  to  open  the  oil  switch 
on  line  No.  223,  thereby  clearing  the  trouble  from  the  bus. 


Fig.  6 — Sectional  Sketch  of  Exposed  Conduit 


Description  of  System 
The  total  capacity  of  the  25-cycle,  9000-volt  system  here  con- 
cerned consisted  of  17  generators  and  a  5000-kw.  frequency 
changer  of  a  combined  capacity  of  251,000  kw.,  each  of  the 
generators  having,  including  its  external  reactance,  a  total  reac- 
tance of  approximately  8  per  cent.  The  load  carried  was  ap- 
proximately 200,000  kw.  This  system,  at  the  time  of  the  trouble 
consisted  of  four  more  or  less  distinct  parts,  with  generating 
capacity  and  load  at  time  of  trouble,  as  follows: 


Generating 

Number  of 

Station  or  section 

capacity 

machines 

Load 

50.000  kw. 

2 

50,000  kw. 

60.000  " 

5 

48.000  " 

80.000  " 

6 

55.000  " 

61.000  " 

6 

49.000  " 

251.000  kw. 

18 

202.000  kw. 

Pisk  A  and  B  sections  are  the  two  parts  into  which  the  Fisk 
St.  station  25-cycle  bus  is  divided,  each  of  these  two  sections 
being  separately  in  parallel  with  Quarry  St.  over  a  tie  line  pro- 
tected by  a  balanced  relay,  and  consisting  of  three  250,000-cir. 
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mil,  three-conductor,  9000- volt  cables  ofcan  average  length  of 
2400  ft.  In  each  phase  of  this  tie  line  is  a  20  per  cent  series 
reactor,  this  value  being  based  on  Y-voltage  drop  at  the  rated 
full  load  of  10,000  kv-a.  per  line.  These  three  sections  are  thus 
operated  on  the  open-ring  principle.  Northwest  is  connected 
with  Fisk  section  B  over  four  tie  lines  of  a  total  cross  section  of 
1,000,000  cir.  mils  and  average  length  of  eight  miles,  these  tie 

130,000  Kw. 
1-20,000  Kw. 


T  NORTHWEST 


1 


f 


542.000  Kw. 
1  25.000  Kw. 


S-llOOOKw. 


QUARRY  ST.  Y 

4-U.OOOKw.  Turbogenerators 
1 5000  Kw.  Frequency  Chartgar 


Pig.  7 — Diagram  of  System  as  Operated  at  Time  Trouble  Occurred 


lines  carrying  stations  along  their  route.  The  relays  on  these 
tie  lines  are  of  the  bellows  type,  with  a  setting  on  each  line  as 
follows:  Minute,  9375  kv-a.;  2  seconds,  11,700  kv-a., and inst., 
14,000  kv-a.  Pig.  7  is  a  diagrammatic  representation  of  the 
system  as  it  existed  at  the  time  the  trouble  occurred. 

At  this  time  the  synchronous  apparatus  supplied  by  the  dif- 
ferent sections  was  as  follows: 


Sections 

Apparatus  in  substations 

Synch,  conv. 

Synch,  motors 

0  substations 
20    -  - 
18    "  " 
15    -  - 

2  substations 

3  ■ 
1  « 
1  • 
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Effect  Short  Circuit  ox  System 
At  the  time  the  trouble  occurred,  nearly  all  the  synchronous 
apparatus  feeding  from  Quarry  St.  lines  was  automatically  dis- 
connected, about  70  per  cent  through  operation  of  a-c.  overload 
relays  opening  oil  switches,  apparently  due  to  back  feed  into  the 
short  circuit;  about  28  per  cent  due  to  reverse-current  or  low- 
voltage  release  relays  tripping  d-c.  circuit  breakers.  This  ratio 
of  apparatus  disconnected  by  operation  of  oil  switches  to  that 
disconnected  by  operation  of  d-c.  breakers  is  exceedingly  small 
in  the  stations  supplied  by  either  of  the  Fisk  St.  sections,  while 


Fig.  8 — Diagram  of  Generator  Capacity — Load  Carried  and  Load 
Automatically  Disconnected 

none  of  the  apparatus  on  Northwest  lines  was  disconnected  on 
the  a-c.  side.  The  only  machine  which  was  automatically  dis- 
connected on  the  a-c.  side  on  Fisk  B  section  tripped  out  because 
it  was  operating  in  parallel  on  its  d-c.  end  with  a  machine  twice 
its  size,  feeding  from  Quarry  St.,  due  to  the  overload  caused  by 
the  reversal  of  the  latter,  on  which  only  the  d-c.  breakers  opened. 
Fig.  8  is  a  diagram  of  generating  capacity,  load  carried,  and  load 
interrupted  when  trouble  occurred. 

This  diagram  clearly  demonstrates  the  beneficial  effect 
of  current-limiting  section  or  bus  reactors  on  the  stability 
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of  apparatus  on  the  sections  protected  by  them.  While  very 
nearly  ^100  per  cent  of  the  capacity  and  load  supplied  by  the 
section  on  which  the  trouble  occurred  was  affected,  only  36  per 
cent  of  the  load  on  Fisk  section  A  and  27  per  cent  on  Fisk  section 
B  was  interrupted.  Of  the  total  Northwest  load  only  about  6 
per  cent  was  affected.  The  smallness  of  this  latter  figure  un- 
doubtedly is  due  to  the  considerable  amount  of  tie  line  resistance 
between  Northwest  and  Fisk  section  B.  The  rather  considerable 
loss  in  load  on  Fisk  A  and  B  sections  was  mostly  due  to  d-c. 
circuit  breakers  opening  in  some  of  the  substations  supplied  by 
A  and  B  sections,  which  in  a  large  measure  was  caused  by  over- 
loads from  the  interruptions  to  substations  which  had  been  sup- 
plied by  Quarry  St.  lines. 

Probable  Values  of  Short  Circuit 
Calculations  to  determine  the  dimensions  of  the  short-circuit 
current  and  stresses  due  to  them  can  only  be  approximate.  The 
calculations  presented  herewith  are  largely  based  on  test  data 
contained  in  a  paper  submitted  to  the  Institute  in  June,  1911,  by 
Messrs.  Schuchardt  and  Schweitzer.  Certain  assumptions,  how- 
ever, can  be  made  with  a  fair  degree  of  probability,  which  will 
at  least  permit  of  determining  the  maximum  values  of  the  current 
into  the  fault.    These  are: 

1.  That  the  fault  in  the  cable  was  of  negligible  resistance 
(variations  in  the  value  of  this  quantity,  if  same  is  taken  at  0.025 
ohm,  do  not  materially  affect  the  result). 

2.  That  the  behavior  of  the  Quarry  St.  machines  is  comparable 
to  that  of  the  Fisk  St.  machine,  tests  on  which  were  reported  in 
the  paper  by  Messrs.  Schuchardt  and  Schweitzer. 

3.  That  the  synchronous  apparatus  connected  to  Quarry  St. 
at  the  time  the  trouble  occurred,  returned  energy  at  a  power 
factor  of  about  10  per  cent  for  the  230-volt  synchronous  con- 
verters and  motors,  and  5  per  cent  for  the  railway  converters. 

Based  on  these  assumptions,  the  maximum  short-circuit 
current  is  made  up  of  the  following  components: 

A.  Current  supplied  by  the  Quarry  St.  generators. 

B.  Current  supplied  by  the  Fisk  St.  generators,  over  tie  lines 
A  and  B. 

C.  Current  supplied  by  synchronous  apparatus  directly  con- 
nected to  Quarry  St.  lines. 

This  is  determined  by  taking  the  short-circuit  currents  of  the 
three  parts  and  combining  them  vectorially.    This  gives  the 
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combined  impedance,  to  which  then  is  added  the  impedance  of 
the  faulty  line,  giving  the  resultant  short-circuit  impedance. 

The  calculation  is  carried  out  in  detail  for  the  Quarry  St. 
machines  as  follows : 

Maximum  short  circuit  between  phases  on  four  14,000-kw. 
turbo-generators  =  4  X  900  X  11.9  =  42,840  amperes,  at  a 
generator  open-circuit  voltage  of  9000  volts. 

Total  maximum  effective  short-circuit  current  =  49,240 
amperes. 

Generator  open-circuit  voltage  corresponding  to  excitation 
with  load  carried  before  trouble  occurred  =  10,200  volts. 

10,200 

Impedance  of  armature  circuit  =  ^q'^o  =  0.206  ohm. 

Power  factor  taken  as  7  per  cent,  which  is  the  probable  figure 
given  in  the  paper  previously  mentioned. 

Resistance  of  armature  circuit  =  0.07  X  0.206  =  0.014  ohm. 
Reactance  of  armature  circuit  =  0.205  ohm. 
Maximum  effective  short-circuit  current  =  45,800  amperes. 
Power  factor  =  7  per  cent. 

In  like  manner  the  combined  Fisk  A  and  Fisk  B  section 
current,  limited  almost  entirely  by  the  sectionalizing  reactors, 
can  be  shown  to  be  5,800  amperes. 

Power  factor  =  2.8  per  cent. 

Short-Circuit  Current  of  Synchronous  Apparatus 

This  calculation  assumes  approximately  5  X  full-load  current 
for  railway  machines  and  20  X  full-load  current  for  the  230- volt 
converters  and  the  frequency  changers. 

Total  capacity  of  railway  machines  con- 
nected to  Quarry  St  

Total  capacity  of  230-volt  converters  and 

frequency  changers  connected  to  Quarry 

St  

Maximum  effective  short-circuit  current  of 

railway  machines  at  power  factor  24.7 

per  cent  

Maximum  effective  short-circuit  current  of 

230-volt     converters    and  frequency 

changers  at  power  factor  54.5  per  cent. . . 


42,000  kw. 
17,100  44 
11,500  amperes. 
11,800 
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Total  maximum  effective  short-circuit  cur- 
rent supplied  by  synchronous  apparatus  at 


power  factor  40.6  percent   23,000  amperes 

Total  maximum  effective  short-circuit  cur- 
rent of  Quarry  St.  generators,  Fisk  A  and 
B  Section  generators,  and  synchronous 

apparatus  connected  to  Quarry  St   73,300  u 

Power  factor  =  17  per  cent. 

Combined  armature  impedance  =   0. 14  ohm. 

u              u     resistance  =   0.024  u 

u              u     reactance  =   0.138  u 

Impedance  of  line  No.  223  to  fault,  neglect- 
ing resistance  of  arc  =   0.062  u 

Resistance  of  line  No.  223  to  fault  =   0.06  ft 

Reactance  *    u         u     u     u    =   0.018  a 

Total  resistance  of  armature  and  line  =  . . .  0.084  u 

tt    reactance  u        a        «    a    =  ...  0.156  u 

"    impedance"        a        ««=...  0.176  « 

Power  factor  of  circuit  =  48  per  cent. 

Maximum  effective  short-circuit  current  into 

fault,  added  vectorially  =   58,000  amperes 

Maximum  effective  value  of  energy  in  arc 

at  a  resistance  of  0.025  ohm  =   74,100  kw. 


It  might  be  of  interest  to  compare  this  with  the  value  of 
current  that  would  have  obtained  under  similar  conditions  had 
the  system  been  without  reactors  in  the  generators  and  between 
sections  of  the  bus.  In  this  event  the  total  short-circuit  current, 
computed  in  same  manner  as  with  the  reactors  in  circuit,  and 
neglecting  transients  would  have  been  approximately  106,000  am- 
peres, and  the  power  factor  83  per  cent.    This  would  have  multi- 
plied the  stresses  incidental  to  the  short  circuit  as  it  occurred 
by  3.3  and  would  have  given  stresses  of  approximately  800  lbs. 
Per  foot  of  parallel  conductors  below  oil  switch.    Such  stresses 
^ore  than  likely  would  have  damaged  the  bus  structure,  would 
tave  immensely  increased  the  task  of  oil  switches  and  made  the 
^rvice  interruption  far  more  extensive  and  serious. 

Behavior  of  Substations. 

While  syrricJlronous  apparatus  in  a  number  of  substations  was 
Somatically  disconnected  through  operation  of  either  the  a-c. 
d-c.  relays,  the  interruptions  in  the  substations  so  affected 
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were  of  remarkably  short  duration  and  the  leooveiv  was  exceed- 
ingly rapid.  As  nearly  as  can  be  determined,  the  service  inter- 
rupted from  substations  connected  to  the  section  in  trouble 
amounted  to  about  50,000  lew.  for  five  minutes,  on  one  of  the 
two  sections  protected  by  sectionalidng  reactors  to  about  20,000 
lew,  for  three  minutes,  and  on  the  other  to  about  10,000 1cw.  for 
two  minutes.  The  behavior  of  sub-station  protective  devices 
during  the  trouble  is  a  subject  full  of  interest,  the  complete 
analysts  of  which,  however,  has  not  yet  been  completed. 

Conclusion. 

Considering  results  in  their  entirety,  the  influence  of  the 
reactors  must  be  pronounced  as  exceedingly  beneficial.  Not  a 
single  piece  of  generating  station  apparatus  was  disabled,  as 
was  almost  invariably  the  case  before  the  installation  of  current 
limiting  reactors.  Even  on  the  section  directly  affected  every- 
thing was  ready  for  immediate  resumption  of  service  as  soon  as 
the  trouble  was  cleared.  The  value  of  the  reactors  seems  to  have 
been  happily  chosen ;  no  evil  results  attended  the  operation  of  the 
system  during  and  after  the  trouble;  no  oil  switches  failed;  and, 
most  important  of  all,  comparatively  little  load  was  interrupted 
on  the  sections  protected  by  the  sectionalizing  reactors. 
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PROTECTION  OF  TRANSFORMER  NEUTRALS  AGAINST 
DESTRUCTIVE  TRANSIENT  DISTURBANCES 

BY  MAX  H.  COLLBOHM 


Abstract  of  Paper 

The  paper  points  out  the  danger  to  which  the  neutral  point 
of  transformers,  connected  to  long  distance  transmission  lines, 
are  exposed  through  the  building  up  of  excessive  potentials  at 
this  point  under  conditions  of  atmospheric  lightning.  This  is 
due  to  the  fact  that  the  neutral  point  in  a  bank  of  Y-connected 
transformers  acts  as  a  reflection  point  for  all  the  waves  that  are 
produced  by  induced  lightning,  which  waves,  at  the  place  of  ori- 
gin, have  the  same  amplitude  and  sign,  and,  therefore,  travel 
with  equal  speed,  considering  that  the  impedance  of  line  and 
transformer  is  the  same  for  each  phase.  The  three  waves  meeting 
at  the  neutral  point  build  up  to  three  times  their  individual  potential 
at  that  place,  thereby  producing  excessive  potential  stresses,  and, 
according  to  experience,  destruction  of  bushings  and  windings. 
The  author  recommends  the  installation  of  lightning  arresters 
at  the  neutral  point  to  provide  a  discharge  path  for  the  excess 
potential,  which,  according  to  measurement  with  a  spark  gap, 
may  reach  values  of  350,000  volts,  and  higher. 

IT  IS  a  well  established  practise  to  protect  the  low-tension 
windings  of  a  transformer  through  a  spark  gap,  against 
the  excessive  potentials  induced  upon  it  through  capacity  ef- 
fects between  high-tension  and  low-tension  windings  under 
abnormal  voltage  conditions  on  the  high-voltage  side.  There 
also  exists,  however,  a  distinct  danger  to  the  high-voltage 
side  which  is  not  generally  recognized  and  which  cannot  be 
guarded  against  by  the  ordinary  types  of  arresters  of  Amer- 
ican manufacture,  such  as  the  electrolytic  and  multigap 
types,  installed  in  the  usual  way.  This  danger  is  evident  from 
the  following  consideration: 

If  during  a  lightning  storm  a  discharge  takes  place  from  a 
cloud  above  a  transmission  line,  the  electrostatic  charge,  pre- 
viously induced  by  this  cloud  in  equal  quantities  and  like  po- 
larity on  all  three  wires  of  a  three-phase  line,  is  suddenly  set 
free  and  travels  in  both  directions  along  the  line.  Inasmuch  as  for 
all  practical  purposes  the  three  wires  of  the  same  line  offer  the 
same  impedance,  and  as  this  is  also  true  of  the  main  power  trans- 
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//f  •  *  f>y  *  '0  '«#/.'•'/  /  '/^  ir,^r*^  the  arc  formed  between 
w>  m         ^-/J  *f./J<;      '*rA  the  tranvformer  iron  resulting 

ttt  ot'l't  *'*  a  divhar^e  j>ath  for  this  dangerous 

j/v1' m  ih^\U'/u\i  urr^Urr  will  be  installed  at  the  neutral 
f^fth*  utA  t$'i)t$nu4  i/>  div  har^e  at  42,000  volts.  This  high- 
vHnij/  f'/f  th*;  arr<;t>tcr  became  necessary  for  the 
f  it-.-/, 11  itm*  Wif  v/bUitn  operates  with  the  transformer 
tM'Hful  m<  Oil*  f/- rating  station  grounded  over  a  metallic  re- 
cH-.ititttt  \n  nvoid  M'fviri*  interruption  in  case  of  accidental 
tntiHh'U  nti  nut'  of  IJh*  line  wires  and  which  under  such  con- 
illMonti,  o<h«'iwi«u-  h/iMiil^m,  woukl  produce  a  potential  dif- 
h-M  ii»  r  of  ilH,000  voh*  lirtween  transformer  neutral  and  ground. 
A  iMiihlj/Hp  nut  *lt't  wnti  rliotten  in  place  of  an  electrolytic  arres- 
fn»  iti  nuUn  lo  mvoM  l.lir*  inc*onvenicnce  of  providing  for  the 
tinint^Mtv  tiprtf-lMl  urruuK**uwt\l  and  constant  attendance  for 
(llM  M^ilhlt'  I'liMi^ltlK  of  I hr»  latter. 

On  mvounl  ol  I,  I  iti  ui'titMit  need  for  protection  of  the  sub- 
nhillun  ItntirtlonncM'  neutral  and  the  present  inability  of  the 
inanufni'tuicM*  to  Hloet  short  time  deliveries,  a  makeshift 
rtMrtnjjoment  Iihk  boon  use<l  to  serve  until  the  multigap  ar- 
iwlor  i«  t^odivod,      This  arrangement  consists  of  two  zinc 
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balls  5  in.  (127  mm.)  in  diameter,  set  6  in.  (152.4  mm.)  apart, 
each  supported  by  an  iron  rod  and  connected  to  the  neutral 
point  and  ground,  respectively,  thus  forming  a  relief  gap  for 
the  transient  excess  potential.  The  sphere  spark  gap  was 
chosen  on  account  of  its  greater  sensitiveness  under  sudden 
impulses  as  compared  with  the  needle  gap.  The  spheres  have 
been  made  of  zinc  on  account  of  the  arc  extinguishing  tendency 
of  this  metal. 

This  arrangement  has  worked  very  well  during  recent  light- 
ning storms,  when  discharges  over  this'  spark  gap  have  repeat- 
edly been  observed.  This  proves  that  protection  against  the 
above-mentioned  transient  disturbances  can  be  obtained  by 
a  shunted  spark  gap.  It  is  of  interest  to  note  that  the  spheres 
were  originally  set  12  in.  (304.8)  mm.  apart  by  error  and  even 
with  this  wide  setting  the  previously  mentioned  discharges 
have  been  observed,  indicating  the  surprising  potential  dif- 
ference of  about  350,000  volts  between  neutral  and  ground. 

It  should  be  noted  that  the  trouble  occurred  only  on  the 
transformer  neutral  in  the  substation,  while  no  disturbances 
of  this  nature  were  observed  in  the  generating  station  where  the 
metallic  ground  rheostat  between  transformer  neutral  and 
ground  served  to  drain  off  these  transient  charges. 

The  danger  from  this  source  is  only  present  in  Y-con- 
nected  transformers  where  the  neutral  acts  as  a  reflection  point. 
If  delta  connection  is  used  on  the  high-tension  side,  the  incom- 
ing charge  divides  at  each  corner  of  the  delta,  one-half  going 
into  one  transformer  and  the  other  half  going  into  the  other 
transformer.  The  middle  point  of  each  transformer  will  in 
this  case  be  the  reflection  point,  but  the  accumulation  of  po- 
tential at  this  place  will,  therefore,  not  be  greater  than  that  of 
the  original  charge  on  each  line  wire  at  the  transformer  ter- 
minal. This  statement,  however,  must  not  be  taken  to  dis- 
pute the  fact  that  potentials  higher  than  that  possessed  by 
the  orignal  charge  at  the  transformer  may  exist  within  the 
transformer  winding,  due  to  the  piling  up  of  potential  through 
reactance  under  high  frequency  or  steep  wave  fronts.  How- 
ever, as  experience  proves  that  the  electrostatic  charges 
actually  pass  through  the  transformer  and  build  up  at  the 
neutral  point  to  destructive  potentials,  it  appears  that  their 
wave  front  has  become  less  steep,  due  to  the  impedance  of 
the  transmission  line  between  the  point  of  lightning  discharge 
and  the  transformer  station,    From  this  consideration  it  would 


138  COLLBOHM:  TRANSFORMER  PROTECTION   [Feb.  14 


seem  that  lines  of  greater  lengths  should  be  more  subject  to 
this  danger  of  potential  rise  at  the  neutral  than  those  of  shorter 
lengths  where  the  impedance  may  not  be  great  enough  to  flatten 
out  the  transient  wave  front  sufficiently  to  permit  of  its  passing 
through  the  windings.  In  this  latter  case,  however,  danger  is 
present  from  abnormal  potential  rises  within  the  transformer 
due  to  reactance  as  mentioned  before. 

From  the  foregoing  it  is  evident  that  protection  must  be 
provided  for  the  neutral  point  of  transformer  banks,  espe- 
cially on  long  lines.  Additional  protection  can  be  obtained 
through  the  installation  of  condenser  arresters,  manufactured 
at  present  in  Europe  only,  on  the  line  side  of  the  transformer 
leads,  as  they  tend  to  absorb  all  transient  charges  having  steep 
wave  fronts  or  high  frequency  and  thereby  prevent,  or  at  least 
reduce,  the  danger  from  abnormal  voltage  rises  within  the 
windings. 
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Discussion  on  "Reactors  in  Hydroelectric  Stations" 
(Johnson),  "The  Effect  of  Current-Limiting  Reactors 
in  Steam  Turbine  Stations  Under  Short-Circuit  Condi- 
tions" (Juhnke),  "Protection  of  Transformer  Neu- 
trals Against  Destructive  Transient  Disturbances" 
(Collbohm),  New  York,  February  14,  1917. 

F.  H.  Kierstead:  Mr.  Johnson  has  brought  out  the  bad  effects 
of  reactors  between  groups  of  generators  upon  the  synchronizing 
powei>  of  generators.  Mr.  Juhnke  has  shown  the  advantages  of 
having  reactors  placed  between  groups  of  generators.  It  seems 
to  me  that  generators  not  protected  with  reactors  will  fall  out 
of  step  more  readily  when  the  system  is  short-circuited  than  if 
the  generators  were  protected.  In  other  words,  I  mean  to  point 
out  that  the  most  serious  effects  would  obtain  in  the  case  where 
there  was  no  protection.  Furthermore,  the  greater  the  reac- 
tance, the  less  will  be  the  trouble.  Therefore,  a  value  of  re- 
actance sufficient  to  protect  the  circuit  should  be  used  irrespective 
of  its  effect  upon  the  synchronizing  power  of  the  generator. 

Harry  R.  Woodrow:  Mr.  Kierstead  mentioned  that  it  would 
do  no  harm  to  let  the  generators  fall  out  of  step  in  cases  of  short 
circuit.  It  was  my  understanding,  in  reading  over  Mr.  John- 
son's paper  that  the  conditions  of  stability  which  were  referred 
to  were  not  under  short-circuit  conditions  but  were  in  cases 
where,  under  normal  operating  conditions,  a  heavy  load  is 
thrown  off  from  a  section  of  the  bus. 

Mr.  Johnson's  paper  shows  very  clearly  the  predominating 
importance  of  reactance  coils  in  giving  protection  to  service 
which  factor  is  also  corroborated  by  the  results  of  actual  short- 
circuit  conditions  presented  in  the  paper  of  Mr.  Juhnke. 

The  question  of  rating  the  percent  reactance,  in  cases  of  bus 
reactance  coils,  is  very  important  as  it  may  lead  to  some  mis- 
understanding regarding  the  stability  or  amount  of  protection 
obtained.  ^ 

At  .the  present  time  there  is  no  standard  form  of  rating  the 
percent  bus  reactance,  as  in  some  cases  this  rating  is  based  on 
the  full-load  current  of  one  generator,  in  others  on  the  full-load 
current  of  the  bus  section,  and  in  still  others  on  the  current 
carrying  capacity  of  the  reactance.  As  an  example,  in  figuring 
this  in  Mr.  Johnson's  paper,  the  6  per  cent  bus  reactance  (which 
is  based  on  the  full-load  current  of  one  generator)  gives  44  per 
cent  reactance  when  based  on  the  full-load  current  of  the  bus 
section,  including  internal  reactance  of  the  group  of  genera- 
tors and  the  bus  reactance  between  sections. 

The  question  of  stability  is  determined  by  the  amount  of 
reactance  in  the  total  bus  section.  In  the  steam  stations  the 
unstable  conditions  do  not  exist  to  the  same  degree  as  in  the 
water  power  stations,  which  difference  is  due  to  the  better  govern- 
ing conditions  of  the  steam  station.  This  condition  is  also 
aggravated  by  the  fact  that  the  individual  loads  are  usually 
much  larger  on  the  water  power  stations  and  a  dropping  of  a 
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20,000-kilowatt  load  is  not  unusual  with  these  stations  whereas 
it  would  be  of  very  rare  occurrence  in  the  case  of  the  New  York 
Edison  Company. 

In  figuring  on  the  amount  of  bus  reactance  desired  the  ques- 
tion of  distribution  of  feeders  must  also  be  considered.  Although 
this  point  is  not  particularly  covered  in  these  two  papers,  it  has 
been  considered*  in  considerable  detail,  in  previous  papers  before 
the  Institute. 

The  method  of  determining  the  results  given  in  Mr.  Johnson's 
papers  is  very  unique,  in  that  it  gives  in  concrete  form  practical 
results,  I  have  checked  up  the  results  given  in  his  method 
from  an  entirely  different  viewpoint,  in  which  case  I  used  the 
fundamental  equation  of  the  alternating-current  system  and 
found  my  result  to  be  practically  the  same  as  his. 

The  results  of  the  shcnt-circuit  conditions  described  by  Mr. 
Juhnke  as  cKxrurring  on  the  system  of  the  Commonwealth  Edison 
Company  are  certainly  very  interesting  and  show  very  clearly 
the  benefits  derived  from  the  installation  of  reactance  coils.  I 
would  like  to  inquire  if  the  feeders  Xos.  212,  213  and  226,  which 
are  marked  as  supplying  transmission  lines,  are  tied  in  with  any 
other  station  ? 

P.  B,  Juhnke:    Xo,  they  carry  independent  loads. 

IL  IL  Woodrow:  Are  the  ties  between  Northwest  and  Fisk 
Street  and  Quarry  Street  and  the  two  sections  in  Fisk  Street 
protected  by  relays,  and  if  so,  did  these  relays  operate  to  sec- 
tionaiize  these  several  sections? 

P,  B.  Juhnke:  Yes,  they  are  protected  by  relays,  and  they 
did  not  open. 

IL  IL  Woodrow:   Are  the  tie  buses  between  Fisk  and  Quarry 
Streets  protected  with  balanced  relays  on  both  ends? 
P.  B,  Juhnke:   On  both  ends. 

IL  IL  Woodrow:  What  was  the  setting  of  the  relay  on  the 
feeder  that  was  damaged  ? 

P.  B.  Juhnke:  About  400  amperes  minimum,  and  about  750 
amperes  instantaneous. 

H.  IL  Woodrow:  Were  the  current-transformer  leads  burned 
off  or  were  they  blown  off. 

P.  B.  Juhnke:  They  were  actually  blown  off,  and  then  they 
were  burned  as  a  secondary  result. 

IL  IL  Woodrow:  That  would  account  for  the  relays  not 
operating? 

P.  B.  Juhnke:  Yes. 

H.  IL  Woodrow:  On  the  question  of  the  Y-delta  trans- 
formers, it  seemed  to  me  that  the  amount  of  energy  which  would 
go  through  the  transformer  on  the  surge  must  be  a  very  small 
amount.  It  would  seem  to  me  that  a  second  ground  of  high 
resistance  would  take  care  of  any  abnormal  voltage  conditions 
that  would  arise,  as  the  power  which  could  go  through  these 
transformers  on  the  high-frequency  surge  would  be  of  small 
magnitude.  I  would  like  to  ask  if  that  phase  of  the  problem 
had  been  given  consideration,  if  so  what  the  effect  was. 
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A.  R.  Cheyney:  The  use  of  protective  reactance  has  pro- 
ceeded carefully  and  conservatively  among  American  plants  of 
large  size,  and  careful  presentation  of  information  showing  the 
behavior  of  same  in  service  affords  the  best  possible  means  for 
keeping  engineers  within  right  lines.  A  break-down  in  insula- 
tion which  renders  inoperative  the  switching  mechanism  on  the 
feeder  or  machine  in  question,  or  a  breakdown  between  the 
station  bus  and  the  automatic  protection  of  the  circuit  breaker 
is  always  most  carefully  guarded  against.  Nevertheless,  as  in 
this  instance,  it  is  the  unexpected  that  sometimes  happens. 

Desired  protection  of  any  large  inter-connected  high-tension 
system  is  only  effected  when  a  breakdown  at  any  point  is  pre- 
vented from  seriously  interfering  with  voltage  or  frequency  of 
machinery  and  apparatus  in  parts  of  the  system  outside  of  a 
pre-arranged  radius.  In  the  ideal  protection  afforded  by  re- 
actances we  would  thus  have  a  locality  of  low  voltage  existing 
until  cut  out  by  automatic  protection,  and  also  around  this 
locality  a  region  where  the  voltage  is  somewhat  disturbed 
although  perhaps  not  sufficient  to  interfere  with  the  operation 
of  substation  machinery,  and  still  further  beyond  an  area  prac- 
tically unaffected  either  as  to  voltage  or  as  to  frequency.  Of 
course,  with  growing  loads,  and  also  from  hour  to  hour  with  the 
load  of  every  station  changing  very  considerably,  it  is  extremely 
difficult  to  lay  out  any  scheme  of  reactors  which  are  to  be  kept 
constantly  in  circuit  that  will  be  equally  effective  at  all  times, 
and  the  case  which  we  are  now  considering  is  an  instance  where 
practically  on  peak-load  conditions,  both  as  to  the  yearly  load  and 
the  time  of  day,  the  protection  was  most  urgently  needed.  Some 
form  of  reactance  must  be  provided  that  can  vary  with  the  load. 
In  this  case,  the  main  part  of  the  reactance  is  installed  in  the 
generator  leads  with  the  additional  protection  of  heavy  reactors 
in  the  tie  lines  between  Quarry  Street  station  and  the  two  Pisk 
Street  stations,  A  and  B.  It  is  also  possible  to  secure  this  vari- 
able degree  of  reactive  protection  by  installing  smaller  reactors 
in  the  individual  feeders  leading  from  the  generator  station. 
Also,  as  in  the  present  instance,  there  seems  no  choice  but  to 
install  additional  reactors  between  sections  of  the  main-station 
busbars,  subdividing  same  into  two  or  three  sections,  as  con- 
sidered best.  In  addition  to  the  above  segregating  function  of 
the  reactance,  it  is  also  and  more  commonly  used  to  protect 
machines,  lines  and  switching  apparatus  from  electrical  and 
mechanical  stresses,  which,  without  this  protection  might  other- 
wise be  seriously  damaged  in  cases  of  severe  short  circuits. 

The  present  instance  would  seem  almost  conclusive  evidence 
as  to  the  necessity  for  installing  reactance  in  the  bus  bar,  if  we 
are  to  prevent  the  centering  of  the  whole  station  generating 
capacity  at  any  point  along  the  busbars  or  connections.  In 
order  to  make  this  effective,  it  may  be  found  desirable  to  reduce 
the  reactance  in  the  generator  leads,  and  it  must  always  be  borne 
in  mind  that  reactance  has  a  very  serious  defect  of  dropping  the 
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voltage  instead  of  holding  it  up,  if  not  installed  in  the  best  pos- 
sible location  and  in  proper  degree.  It  is  obvious  that  in  the 
case  of  a  comparatively  large  number  of  feeder  reactors,  each 
of  relatively  small  size,  we  have  the  highest  degree  of  insurance 
against  interruption  of  substation  service  and  at  the  same  time 
under  conditions  of  feeder  short  circuits  outside  the  station,  a 
fair  degree  of  assurance  that  the  trouble  will  be  maintained 
within  comparatively  narrow  limits. 

The  remarks  on  reactors  in  a  generating  station  apply  in  a 
lesser  degree  to  the  substations  and  especially  so  if  these  are  of 
large  size.  In  the  case  noted  by  the  author,  where  there  are  fed 
from  the  Quarry  Street  station  some  16  substations,  practically 
all  of  the  synchronous-converter  type  and  of  an  average  capacity 
of  3000  kw.  per  substation,  protection  in  the  form  of  reactance 
would  be  unnecessary.  It  is  to  be  noted  that  the  reactors  on 
the  two  tie  lines  between  Quarry  Street  and  Fisk  Street  so  well 
fulfilled  their  mission  that  the  trouble  was  practically  confined  to 
Quarry  Street  and  its  substations.  Sufficient  evidence  that  the 
Northwest  station  was  unaffected  is  shown  by  the  fact  that  the 
tie  lines  from  Fisk  Street,  with  a  setting  of  only  14,000  kv-a. 
instantaneous  were  not  opened  during  the  trouble.  There  would 
seem  to  be,  however,  a  chance  of  looking  at  these  tie  lines  in 
another  light,  and  by  setting  their  breakers  for  very  heavy  over- 
loads and  by  reducing  the  amount  of  reactance  in  same  to  allow 
of  one  station  assisting  another  by  a  much  larger  extent  than 
was  here  possible  without  disturbing  the  load  carried  by  the 
station  unaffected  by  the  short  circuit.  We  would  naturally 
suppose  that  with  busbar  reactors  and  the  addition  of  feeder 
reactors,  and  the  possibility  of  interchange  of  power  in  greater 
quantities  between  Fisk  and  Quarry  Streets,  that  even  with  the 
present  location  of  insulation  failure,  it  would  have  been  possible 
to  have  held  up  the  voltage  sufficiently  to  have  avoided  throwing 
off  on  reversal  so  many  of  the  a-c.  feeders  from  Quarry  Street 
at  the  substation  ends.    This,  however,  is  but  a  surmise. 

It  will  be  a  welcome  addition  to  the  literature  of  central  station 
service  to  have  the  author  at  a  later  date  give  more  details  as 
to  circuit-breaker  settings  and  also  as  to  performance  of  station 
auxiliaries  at  Quarry  station,  particularly  those  motor  driven. 
Also,  in  view  of  the  fact  that  the  technical  press  has  recently 
brought  to  our  attention  the  fact  that  the  Boston  Edison  Com- 
pany is  being  criticised  before  the  Massachusetts  State  Com- 
mission for  providing  storage  battery  protection  on  the  Edison 
d-c.  system,  it  will  be  gratifying  to  hear  just  how  much  the 
storage  batteries  in  Chicago  assisted  in  maintaining  the  voltage 
when  Quarry  Street  service  was  interrupted.  The  writer  has 
always  been  rather  strongly  of  the  opinion  that  the  storage 
battery  was  a  very  important  part  of  the  Edison  system  and 
every  occurrence,  such  as  has  been  exemplified  here,  only  tends 
to  still  further  confirm  this  opinion. 

As  to  the  actual  physical  damage  done  by  the  short  circuit  to 
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cables  and  transformer  terminals,  considering  the  time  involved, 
we  should  have  expected  more  evidence  of  destructive  power  of 
the  arc,  judging  from  experience  with  smaller  generating  ca- 
pacities involved  where  practically  as  great  cable  damage  has 
been  effected. 

One  other  point  is  brought  to  mind  by  the  author's  paper  and 
that  is  the  delay  involved  at  times  in  restoring  service  when  the 
throttle  valves  on  the  turbines  trip  as  was  here  instanced,  when 
three  of  the  four  machines  at  Quarry  Street  had  the  steam 
supply  shut  off  on  account  of  overspeed.  It  has  been  the 
writer's  experience  that  with  certain  classes  of  turbines  at  least, 
it  becomes  necessary  to  wait  until  the  turbine  speed  is  reduced 
by  load  or  otherwise  to  slightly  below  normal  before  these  throttle 
valves  could  be  opened  again.  In  view  of  the  extremely  short 
length  of  time,  from  two  to  five  minutes,  before  full  service  was 
restored,  it  will  be  of  assistance  to  know  more  in  detail  as  to 
how  this  matter  was  handled.  The  shortness  of  the  interruption 
is  indeed  sufficient  testimony  of  the  excellent  organization  and 
training  of  the  Chicago  operating  force. 

Louis  F.  Blume:  Mr.  Collbohm's  paper,  with  reference  to  the 
phenomenon  observed  in  the  discharge  of  the  neutral  of  a  Y- 
connected  transformer  bank  to  ground,  as  the  result  of  lightning 
disturbance,  is  interesting  because  the  phenomenon  as  reporte^ 
in  the  paper  is  quite  unusual.  Breakdown  through  high-voltage 
windings  to  ground  in  transformers  which  are  insulated  in  ac- 
cordance with  the  Standardization  Rules  of  the  A.  I.  E.  E., 
that  is  an  insulation  equal  to  twice  the  normal,  plus  1000,  has 
been  extremely  rare. 

The  simplest  and  surest  protection  from  such  voltages  as  the 
author  indicates,  is  to  ground  the  neutral  point;  the  next  best 
method,  perhaps,  is  to  insert  an  arrester  between  neutral  and 
the  ground. 

I  have  been  unable  to  follow  the  author's  reasoning  in  his 
explanation  of  the  phenomenon  observed,  by  which  he  concludes 
that  the  voltages  which  can  be  derived  in  the  Y  neutral,  when 
the  neutral  is  isolated,  are  considerably  larger  than  can  be 
derived  in  an  isolated-delta  bank  of  transformers.  I  do  not 
believe  the  reasons  given  are  at  all  conclusive;  as  an  equally 
plausible  line  of  reasoning  can  be  given  which,  although  also 
not  conclusive,  would  indicate  that  the  stresses  may  be  derived 
by  steep  wave  fronts  in  the  interior  of  delta  windings,  equally 
as  great  as  the  voltages  derived  at  the  Y  neutral.  Suppose  for 
example,  a  traveling  rectangular  wave  on  a  transmission  line 
enters  or  impinges  upon  the  terminals  of  a  transformer  winding 
connected  in  a  Y  bank,  and  assume  that  the  surge  impedance  of 
the  transformer  bank  is  very  much  higher  than  the  surge  imped- 
ance of  the  transmission  line.  It  would  naturally  be  expected 
that  the  wave  at  the  very  beginning  of  the  transformer  winding 
would  be  reflected,  and  that  the  maximum  voltage  that  could 
possibly  be  generated  at  the  transformer  terminal  would  be 
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twice  the  voltage  of  the  incoming  wave.  The  majority  of  the 
energy  would  be  returned  to  the  line,  and  only  a  fraction  would 
enter  the  transformer.  Assuming  that  a  fraction  of  the  wave  at 
twice  the  potential  of  the  incoming  wave  enters  the  transformer 
winding,  at  a  very  much  reduced  velocity,  it  is  possible  to  im- 
agine, -that  wave  would  travel  through  and  reach  the  neutral 
point.  Reflection  at  the  neutral  point  will  then  take  place  just 
as  at  tlje  open  end  of  a  line,  causing  a  second  doubling  of  the 
voltage,  and  therefore,  four  times  the  voltage  of  the  original 
impinging  wave. 

On  the  other  hand  in  a  delta-delta  transformer  bank,  assuming 
that  the  surge  impedance  is  comparatively  high,  the  wave  di- 
viding between  the  two  transformer  banks  will  have  no  effect 
on  the  potential  of  the  wave  which  enters  the  winding;  and  the 
middle  of  each  phase  acting  in  the  same  manner  the  neutral 
would  be  raised  to  four  times  the  voltage  of  the  original  wave. 

The  actual  phenomenon  of  a  rectangular  wave  entering  a 
transformer  winding,  is  much  more  complicated  than  has  been 
described,  since  a  wave  on  entering  a  transformer  winding  is 
very  much  distorted,  and  whether  it  is  capable  of  arriving  at 
the  neutral  point,  and  building  up  high  voltages,  as  explained 
above,  is  by  no  means  certain. 

#  John  B.  Taylor:  I  am  glad  to  see  that  Mr.  Johnson  states 
very  definitely  that  the  maximum  synchronizing  power  results 
for  a  reactance  which  has  some  definite  value,  because  I  have 
been  repeatedly  confronted  with  the  argument  which  he  says 
is  a  general  understanding,  that  the  more  you  increase  the  re- 
actance, the  more  stability  you  will  have.  Of  course,  that  is 
obviously  absurd  for,  if  you  carry  the  reactance  to  very  high 
value,  sooner  or  later  you  reach  such  high  voltage  that  the  system 
voltage  would  get  about  one  ampere  through  it.  Nevertheless, 
almost  invariably  the  suggestion  is  made  to  put  in  more  reactance, 
if  there  is  any  trouble  with  parallel  operation. 

In  regard  to  the  oscillation  of  the  system,  it  seems  to  me  here 
we  are  getting  back  to  the  old  troubles  that  for  a  time  we  have 
almost  forgotten,  that  is  the  question  of  parallel  operation  of 
reciprocating  engines  where  governors,  natural  periods,  and  such 
things  frequently  give  considerable  trouble.  One  of  the  common 
remedies  was  to  put  a  dashpot  on  the  governor,  which  would 
tend  to  slow  things  down  and  prevent  this  building  up.  I 
would  like  to  ask,  in  the  case  of  this  waterwheel  trouble,  whether 
any  such  remedy  was  considered  or  applied. 

As  I  understand  it,  the  trouble  in  the  case  of  the  fault  in  the 
cable  described  by  Mr.  Juhnke  was  probably  due  to  heavy  cur- 
rent, combined  with  the  mechanical  stress.  The  leads  at  the 
current  transformers  broke,  and  immediately  broke  the  secondary 
leads,  which  accounted  for  the  failure  of  the  switches  to  operate, 
and  for  a  period  of  some  fifteen  seconds  this  short-circuit  current 
was  flowing  until  the  arc  had  spread  to  the  third  phase  and  then 
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the  switch  dropped.  I  want  to  ask  what  difference  was  found  on 
the  cable  between  the  station  and  the  fault,  and  also  on  reactors 
and  other  devices.  In  the  case  of  a  current,  in  round  figures, 
of  50,000  amperes,  taking  this  cable  at  250,000  cir.  mils,  and 
assuming  a  normal  load  current  of  250  amperes,  the  50,000 
amperes  is  200  times  normal,  and  the  heating  effect  in  the  cable 
would  be  40,000  times  the  normal.  It  would  seem  doubtful 
that  you  could  generate  heat  in  a  cable  at  40  times  the  normal 
rating  for  fifteen  seconds,  without  charring  it  up  pretty  well 
throughout  its  whole  length. 

With  reference  to  Mr.  Collbohm's  paper  Mr.  Blume  has 
already  questioned  the  explanation,  and  that  is  about  as  far  as 
I  can  go,  as  I  have  no  better  reason  than  he  has  for  doubting  the 
fact  that  300,000  volts  may  have  been  observed  in-  this 
particular  case,  but  I  do  object  decidedly  to  the  line  of  expla- 
nation which  is  offered.  There  is  no  good  reason  for  calling 
the  neutral  point  of  that  transformer,  the  reflection  point.  The 
reflections  occur  at  discontinuities.  The  biggest  discontinuity 
that  is  encountered  in  that  system  is  between  the  line  and  the 
terminal  of  the  transformer,  and  that  is  probably  the  natural 
point  for  the  voltage  to  pull  up.  It  also  seems  to  me  that  the 
reason  whereby  three  conductors  connected  in  parallel  coming 
to  a  point  would  give  three  times  the  charge,  and  three  times 
the  voltage,  is  not  a  sound  physical  basis.  I  think  a  little 
parallel  case  will  make  this  obvious. 

Suppose  we  have  four  banks  of  Y-connected  transformers,  each 
on  a  different  line.  Now,  the  neutrals  might  be  tied  together. 
Are  we  going  to  have  twelve  times  the  voltage  at  that  neutral 
point  in  that  case?  We  might  have  any  number  we  choose, 
up  to  several  dozen  conductors,  meeting  at  one  point,  and  just 
because  we  make  the  circuits  multiple  we  would  expect  the 
figures  to  go  up  in  to  the  millions.  The  notion  that  there  is 
a  charge  on  a  point  is  quite  beyond  me. 

R.  F.  Schuchardt:  Mr.  Taylor  has  just  mentioned  conditions 
which  could  be  corrected  by  "more  reactance".  This  may  lead 
to  the  conclusion  that  we  have  gone  reactance  mad,  but  Mr. 
Juhnke's  paper  clearly  shows  that  this  is  not  the  case  and  Mr. 
Johnson  also  recognizes  that  certain  limitations  must  be  kept  in 
mind.  We  must  remember  that  reactors  are  only  a  part  of  the 
total  protective  scheme — a  very  important  part,  it  is  true,  but 
not  the  entire  scheme.  Protective  relays,  capacity  of  oil  switches, 
strength  of  windings,  etc.,  must  all  be  taken  into  consideration 
in  determining  the  amount  of  reactance  to  be  installed  in  various 
parts  of  the  system. 

Mr.  Cheney  suggested  that  feeder  reactors  might  be  of  more 
use  than  the  generator  or  busbar  reactors.  Such  feeder  reactors 
are  doubtless  desirable  in  many  cases  but  their  installation  in 
existing  stations  is  usually  an  exceedingly  difficult  matter  because 
of  structural  difficulties,  while  it  is  usually  much  easier  to  find 
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Ifj*  t*?xxfiOfy  spaoe  ifx  generator  and  for  busbar  reactors. 
J#t^*jn»w  t3ae  Chicago  experience  indicated  that  what  was 
v&faA  tx*A&  were  generator  reactors  arid  bos  sectaooahzmg 

K#Ocrrirj%  Uj  ir*t  breakdown  described  in  Mr.  Juhnke's  paper, 
we  fiiyJ  that  the  evidence  left  after  the  trouble  does  not  com- 
j/letely  indicate  the  exact  happenings.  Mr.  Taylor  touched  on 
a  point  which  we  could  not  definitely  determine;  that  is,  how 
U/rt%  the  current  actually  Sowed  through  the  cable  into  the 
jfault,  Thi*  may  have  been  anything  from  one  second  to  ten  or 
fifteen  second*,  The  {allure  at  the  current  transformers  con- 
w«ted  in  the  shearing  of  the  upper  connector,  first  in  the  outer 
or  6'  pha«e  an/1  immediately  thereafter  in  the  5  phase.  The 
amount  of  material  actually  burned  off  at  the  break  is  probably 
Itt*  than  one-half  inch  in  each  case.  The  photographs  are  mis- 
leading on  thiK  point  since  the  conductor  was  bent  forward 
when  the  picture  was  taken  and  gives  the  appearance  of  some 
«fx  to  ten  inche*  actually  burned  off.  This  break  being  on  the 
switch  wide  of  the  current  transformers,  of  course  prevented 
further  exce«»  current  flowing  through  the  relays  on  these  two 
phage*,  The  A -phase  relay  may  have  chattered,  as  these  relays 
have  owamonally  done  in  the  past  on  very  heavy  current,  and 
thu«  had  kit  action  delayed,  or  the  current  in  this  phase  may  not 
have  ritten  to  the  amount  of  the  relay  setting  for  several  seconds. 
The  evidence,  as  I  said,  is  not  clear,  but  we  do  know — and  this 
in  the  important  thing — that  in  this  occurrence,  of  a  kind  which 
probably  happens  only  once  in  a  thousand  times,  the  reactors 
which  were  inntalled  for  protection  furnished  the  protection  that 
wan  expected  of  them. 

H,  R.  Summerhayes:  In  Mr.  Johnson's  paper  he  takes  as 
the  Htandard  for  stability  the  condition  when  there  is  no  external 
reactance  in  circuit,  that  is,  he  simply  has  his  generator  reactance, 
and  callK  that  100  per  cent  stability  and  then  compares  that  as 
a  haftift  with  conditions  when  certain  percentages  of  bus  reactance 
are  introduced.  Comparing  it  in  that  way  leads  to  the  con- 
cluHion  that  the  bus  reactances  make  very  considerable  difference 
in  the  amplitude  of  oscillation.  It  would  seem  to  be  fairer  to 
take  the  condition  which  is  demonstrated  in  the  appendix  x  =  r  V3 
as  the  maximum  synchronizing  power — take  that  as  the  100 
per  cent  and  then  compare  the  actual  condition  of  the  gener- 
ator in  parallel  without  any  reactance,  except  the  generator 
reactance.  That  would  be  some  other  percentage.  Then  the 
condition  of  the  bus  reactances  would  be  still  another  per- 
centage. That,  it  would  seem  to  me,  would  be  a  fairer  comparison 
and  would  show  that  the  bus  reactances  do  not  increase  the 
oeriod  by  such  a  great  percentage  as  is  apparent  from  the  curves. 
It  would  appear  to  me  that  the  cure  for  the  trouble  would  be 
fount!  in  the  governors  rather  than  in  decreasing  the  percentage 
of  reactance. 
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C.  A.  Adams:  I  think  that  Mr.  Taylor's  difficulty  is  due  to 
the  difference  between  "synchronizing  power",  and  the  "process 
of  synchronizing". 

The  synchronizing  power  of  two  machines  may  be  defined 
as  the  restoring  torque  or  power,  due  to  a  given  small  angle  of 
displacement  of  their  rotors  from  the  position  of  equilibrium. 
It  may  be  thought  of  as  the  stiffness  of  the  electromagnetic 
coupling  between  the  two  machines.  For  small  resistances  in 
circuit  and  for  moderate  angles  of  displacement,  the  synchro- 
nizing power  is  approximately  proportional  to  the  reciprocal  of 
the  total  equivalent  reactance  in  circuit.  But  the  greater  this 
stiffness  of  coupling,  (that  is  the  lower  the  reactance),  the 
greater  the  accuracy  that  must  be  employed  when  synchronizing, 
in  order  to  avoid  excessive  circulating  power  between  the  two 
machines  and  the  consequent  stresses  and  surges.  Thus  a  high 
synchronizing  power  may  mean  difficult  synchronizing.  Hence 
extra  reactance  is  sometimes  desirable  during  the  process  of 
synchronizing. 

J.  Allen  Johnson:  Mr.  Woodrow  was  quite  correct  in  that 
my  arguments  regarding  instability  refer  to  sudden  changes  of 
load  rather  than  to  short  circuits.  Sudden  large  changes  of 
load  are  much  more  apt  to  occur  in  hydroelectric  plants,  where 
the  feeders  are  usually  few  and  of  relatively  large  capacity,  than 
they  are  in  steam  stations,  where  there  are  many  feeders  of  small 
capacity. 

It  is  interesting  to  know  that  Mr.  Woodrow  has  confirmed  my 
results  by  a  different  and  more  purely  mathematical  method. 
In  my  analysis  of  the  problem  I  tried  to  stick  as  closely  as 
possible  to  the  fundamental  principles  of  physics  without  going 
deeply  into  electrical  mathematics,  in  the  belief  that  the 
resulting  formulas  would  be  more  generally  comprehensible  and 
useful.  The  results  are  not  held  to  be  final,  as  the  process  is 
complicated  by  the  damping  arrangements  which  the  generators 
may  have  and  by  the  changes  which  take  place  in  their  effective 
reactance.  It  is  to  be  hoped  that  more  light  may  be  thrown  on 
these  matters.  The  point  which  I  wished  especially  to  bring 
out  is  that  here  is  a  limitation,  a  practical  limitation,  in  the  use 
of  current-limiting  reactance  which,  has  not  been  sufficiently 
recognized  and  which  cannot  safely  be  overlooked. 

I  was  also  very  glad  to  have  Mr.  Woodrow  bring  out  the  im- 
portance of  the  feeder  reactance  and  emphasize  the  fact  that  the 
benefit  derived  from  feeder  reactance  in  isolating  disturbances  is 
closely  dependent  upon  the  amount  of  generator  and  bus  re- 
actance, the  greater  the  value  of  the  latter  the  less  being  the 
benefit  obtained  from  a  given  value  of  feeder  reactance.  This 
points  to  the  advantage  of  concentrating  as  much  of  the  total 
reactance  as  possible  in  the  feeders. 

In  regard  to  Mr.  Summerhayes'  suggestion  as  to  the  use  of  a 
value  of  reactance  equal  to  the  square  root  of  three,  times  the 
resistance,  which  gives  the  maximum  synchronizing  power,  as 
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the  standard  or  representing  100  per  cent  stability,  I  would  say 
that  in  a  general  consideration  that  would  perhaps  be  desirable 
but  in  a  specific  practical  case  the  engineer  is  confronted  by  a 
certain  amount  of  reactance  in  his  generators  which  he  cannot 
change,  and  what  he  really  wants  to  know  is  how  far  he  will  be 
going  in  the  direction  of  complete  instability  by  putting  in  ex- 
ternal reactance.  For  this  reason  it  seems  to  me  preferable  to 
base  the  expression  for  stability  on  the  existing  inherent  reactance. 

Regarding  Mr.  Summerhayes'  suggestion  as  to  correcting  the 
hunting  tendency  at  the  turbine  governors — that  is  a  matter 
that  has  been  given  some  consideration  and  it  might  perhaps 
be  done  by  using  inertia  governors  in  hydraulic  plants  instead 
of  centrifugal  governors,  which  would  change  the  phase  relation 
of  the  turbine-gate  oscillation  with  reference  to  the  hunting 
oscillation,  with  probably  beneficial  results. 

P.  B.  Juhnke:  Concerning  Mr.  Cheney's  inquiry  in  regard  to 
the  amount  of  battery  capacity  floating  on  the  system  at  the 
time  of  the  trouble,  I  wish  to  state  that  this  amounted  to  23,000 
kw.  In  the  substations  feeding  directly  from  the  Quarry  St. 
station  the  floating  battery  capacity  totaled  only  about  9000 
kw.  During  the  period  the  short  circuit  existed,  the  entire 
battery  capacity  undoubtedly  came  into  play  in  varying  degrees 
in  the  different  substations,  due  to  the  general  drop  in  generating 
station  pressure. 

Mr.  Blume  mentioned  the  operation  of  the  generator  emer- 
gency valves  and  pointed  out  delays  that  possibly  might  result 
therefrom.  I  wish  to  say  that  the  only  operation  necessary  to 
again  make  these  machines  operative  was  to  raise  and  block 
these  valves,  an  operation  requiring  about  10  or  15  seconds,  the 
machines  having  remained  connected  to  the  bus  on  the  generator 
side. 

With  reference  to  the  behavior  of  substation  apparatus,  I 
stated  that  this  is  a  subject  which  lends  itself  to  considerable 
study.  While  the  relays  and  circuit  breakers  functioned  as  they 
were  designed  to  do,  the  question  may  be  raised  as  to  whether 
their  designed  functions  are  absolutely  the  most  desirable.  The 
d-c.  circuit  breakers  on  all  rotaries  have  an  instantaneous  setting 
of  about  225  per  cent  of  full  load.  The  oil  switches  on  the 
Edison  220-volt  synchronous  converters  have  a  three-point  set- 
ting of  220  per  cent,  330  per  cent  and  440  per  cent  respectively, 
of  full  load;  those  on  the  railway  converters  an  instantaneous 
setting  of  approximately  300  per  cent. 

In  regard  to  the  probable  value  of  the  short-circuit  current, 
I  might  mention  here  that  the  values  given  in  the  paper  do  not 
take  into  account  transient  quantities,  but  are  expressed  in 
terms  of  mean  effective  values. 

The  maximum  values  of  current  mentioned  here,  the  correct- 
ness of  which  Mr.  Taylor  doubted  in  the  absence  of  evidence  of 
damage  due  to  excessive  heating,  could  not  have  been  maintained 
for  any  longer  period  than  one  or  two  cycles,  for  during  this 
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interval  the  break  of  the  terminals  with  the  swinging  away  of  the 
oil  switch  leads  is  presumed  to  have  taken  place.  This,  in  turn, 
introduced  considerable  resistance  in  the  circuit  to  the  fault, 
thereby  alone  very  materially  reducing  the  maximum  value. 
The  resulting  drop  in  bus  voltage  also  would  have  had  its  effect, 
so  that  the  maintained  short-circuit  current  could  have  been  but 
a  mere  fractional  part  of  the  maximum  initial  value.  Moreover, 
the  current  to  ground  established  by  the  swinging  of  the  two 
broken  switch  leads  to  ground  constituted  a  path  parallel  to  the 
faulty  cable,  the  characteristics  of  which,,  however,  are  beyond 
calculation.  This,  I  believe,  answers  the  principal  questions 
which  have  been  raised  in  the  discussion. 

V.  Karapetoff  (communicated  after  adjournment).  The 
theory  given  in  the  appendices  to  Mr.  Johnsons'  paper  can  be 
considerably  simplified  by  using  trigonometric  expressions  for 
power  and  impedance.  The  matter  is  worth  mentioning  because 
in  technical  literature  one  finds  rather  frequently  mathematical 
discussions  that  are  unnecessarily  involved,  because  algebraic  ex- 
pressions are  used  in  place  of  trigonometric.    Referring  to  Fig. 


Fig.  1 


1,  let  Ei  and  E2  be  the  equal  voltages  of  the  two  alternators 
displaced  by  an  angle  S.  The  difference  of  these  voltages,  Ecy  pro- 
duces a  circulating  current  Ic.  This  current  lags  behind  Ee  by 
an  angle  <f>  such  that  tan  <f>  =  x/r.  From  the  geometry  of 
the  figure,  Ee  =  2E  sin  $  5,  where  E  is  the  absolute  value  of  E\ 
or  E2.  The  current  Ic  =  Ec/z'  where  z  is  the  impedance  of  the 
circuit.  Therefore,  Mr.  Johnson's  expression  for  synchronizing 
power  in  Appendix  A,  becomes 

P.  =  Et  Ic  cos  (90  +  y  5  - 

=  2E?  sin     8  sin  (j>  -  i-      -h  z  (17) 

Replacing  in  this  expression  the  product  of  the  sines  by  a  sum, 
and  writing  r /cos  <f>  in  place  of  2,  we  get 


P.  =  {E?/r )  [cos  (5  -  4>)  -  cos  4>]  cos  <t>  (18) 
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which  corresponds  to  Mr.  Johnson's  equation  (U)  with  the 
minus  sign  omitted. 

With  given  r  and  x,  angle  <f>  is  constant,  and  the  expression 
in  the  brackets  becomes  a  maximum  when  cos  (5  —  <f>)  =  1,  that 
is,  when 

i  -  4>  (19) 

This  corresponds  to  equation  (12)  in  the  paper.  It  will  be 
seen  from  the  diagram  that  in  this  case  Ic  is  in  phase  with  E,. 
Thus, 

P.  (max)  =  (E*/r)  (1  -  cos  4>)  cos<f>  (19) 

Let  now  r  be  given,  but  x  or  ^  be  variable.  Expression  (19) 
becomes  a  maximum  when  (1  —  cos  <f>)  =  cos  4>,  or 

cos  4>  =  0.5  (20) 

This  is  according  to  the  well-known  theorem  that  when  the 
sum  of  two  variables  is  constant,  their  product  is  a  maximum 
when  the  variables  are  equal  to  each  other.  Sometimes  this  is 
expressed  by  saying  that  of  ail  rectangles  having  the  same 
perimeter  the  square  has  the  greatest  area.  The  same  result  is 
obtained  by  equating  to  zero  the  first  derivative  of  expression 
(19).    Thus,  from  equation  (20)  we  get 

tan  <t>  =  x/r  =  sin  <£/costf>  =  (Vl  -  0.5J)/0.5  =  V3  (21) 

which  agrees  with  result  (14)  in  the  paper. 

Let  now  r  be  variable,  and  x  constant.  Expression  (19)  can 
be  written  in  the  form 

P,  (max)  =  (£*/*)  (1  -  cos  4>)  sin  <t>  (22) 

If  r  =  0,  4>  =  90°.  and  equation  (22)  becomes 

P»  (max)  =  &/x  (23) 

This  corresponds  to  Mr.  Johnson's  equation  (16).  When  r  is 
small,  so  that  4>  is  nearly  90  deg.t  it  is  convenient  to  replace  4> 
by  its  complementary  angle 

V  =  90  deg  -  <t>  (24) 

so  that  equation  (22)  becomes 

P,  (max)  =  (E?/x)  (1  —  sin      cos  <p 

=  B?/x  ^cos  v>  -  y  sin  2  v>  ^  (26) 

The  expression  in  the  parentheses  is  a  measure  for  per  cent 
error  committed  by  neglecting  the  resistance,  that  is,  by  assum- 
ing, iff  «  0.    For  example,  if  q>  =  3  deg.,  cos  q>  —       sin  2   <p  ' 
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=  0.99863  -  0.05226  =  0.94637;  the  error  amounts  to  about 
5.4  per  cent. 

A.  L.  Harrington  (communicated  after  adjournment) :  I  am 
acquainted  with  a  certain  60,000-volt  bank  of  transformers, 
whose  connections  agree  closely  with  those  mentioned  by  Mr. 
Collbohm,  but  on  which  very  different  results  have  been  observed. 

These  transformers  are  60,000-volt  Y  connected  with  un- 
grounded neutral  and  part  of  the  year  they  transmit  power  from 
a  small  hydroelectric  plant  and  the  remainder  of  the  year,  during 
the  low-water  season,  they  act  entirely  as  substation  trans- 
formers, and  thus  agree  with  Mr.  Collbohm's  condition.  These 
transformers  are  tapped  to  a  line  which  extends  35  miles  to  the 
south,  the  line  being  provided  with  but  a  small  amount  of  over- 
head ground  wire,  and  25  miles  to  the  north  provided  with  a 
ground  wire.  At  this  point  the  line  runs  east  about  60  miles 
with  ground  wire  and  northwest  75  miles  with  ground  wire. 
There  is  also  about  10  miles  of  line  going  directly  west  from  the 
station.  Mr.  Collbohm  does  not  state  the  length  of  his  trans- 
mission line  so  we  are  unable  to  compare  closely. 

These  transformers  are  provided  with  choke  coils  and  with 
electrolytic  arresters.  They  have  been  operating  about  eight 
years,  the  first  three  being  at  33,000  volts,  delta  connected,  and 
the  balance  of  the  time  60,000  volts,  Y. 

The  clearance  of  the  neutral  bus  to  ground  is  the  height  of 
the  insulator  and  from  15  to  16  in. 

While  very  severe  lightning  occurs  in  this  territory,  no  arcs 
from  neutral  bus  to  ground  or  other  disturbances  that  Mr. 
Collbohm  mentioned  have  ever  been  noticed. 

M.  H.  Collbohm:  Mr.  Woodrow's  suggestion  of  using  a 
rheostat  of  high  resistance  is  impracticable,  and  perhaps  even 
dangerous.  If  built  of  a  permanently  reliable  design,  its  cost 
would  be  ten  to  twenty  times  as  high  as  that  of  a  multi-gap 
arrester.  Its  high  resistance  might  cause  an  excessive  voltage 
drop  under  heavy  charges,  thereby  unduly  raising  the  neutral 
potential  and  defeating  its  purpose.  It  will,  furthermore,  per- 
mit a  triple  harmonic  exciting  current  to  flow  over  the  ground 
connection,  which  might  produce  disturbances  in  the  telephone 
lines. 

Mr.  Blume  is  in  error  in  stating  that  an  electrostatic  charge 
meeting  the  inductance  of  a  transformer  is  not  only  reflected 
back  with  double  amplitude,  but  also  sets  up  a  wave  of  double 
amplitude  going  through  the  transformer  to  the  neutral  point. 
The  doubling  up  of  the  wave  crest  in  the  reflected  wave  is  con- 
ditional upon  a  complete  reflection  permitting  no  charge  what- 
ever to  pass  through  the  transformer  to  the  neutral.  If  the 
reflection  should  be  incomplete,  the  reflected  wave  will  not  have 
double  amplitude.  The  wave  passing  through  the  transformer 
would,  therefore,  have  a  reduced  amplitude,  the  more  so  the 
nearer  the  reflected  wave  approaches  double  amplitude.  A  wave 
with  double  amplitude  passing  through  the  transformer  would, 
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therefore,  seem  to  be  impossible.  Again*  the  arrival  of  the  wave 
at  the  neutral  would  not  double  its  amplitude  for  the  reason  that 
the  neutral  is  not  a  free  end,  but  the  three  waves  from  the  three 
different  phases  meeting  at  the  neutral  will  superimpose  and 
build  up  to  three  times  their  individual  amplitude.  Mr.  Blume 
is  also  in  error  in  stating  that  an  electrostatic  charge  traveling 
along  a  single  wire  will  maintain  its  amplitude  after  being  split 
up  into  two  charges,  each  entering  a  different  circuit,  as  is  the 
case  in  delta  connected  transformer  relative  to  an  electrostatic 
charge  entering  over  the  line.  In  such  a  case  the  amplitude  of 
the  original  charge  will  be  reduced  to  one-half  for  each  of  the 
two  separate  charges  in  the  two  branch  circuits.  In  case  of 
total  reflection  through  the  inductance  of  the  transformer,  these 
two  waves  will  each  build  up  to  the  original  amplitude  of  the 
charge  in  the  line,  in  which  case  no  charge  will  flow  through  the 
transformer.  For  the  same  reason  as  stated  above  in  case  of 
Y-connected  transformers,  no  charge  of  double  amplitude  seems 
possible  to  flow  through  delta-connected  transformers.  This,  in 
connection  with  the  above,  supports  the  writer's  argument  that 
delta-connected  transformers  are  not  subject  to  triple-potential 
stresses  through  superimposed  electrostatic  charges  entering  over 
the  lines  as  in  the  case  of  Y-connected  transformers. 

Relative  to  the  points  raised  by  Mr.  Taylor,  it  may  not  be 
strictly  correct  to  call  the  neutral  point  a  reflection  point,  however, 
this  name  was  chosen  for  lack  of  a  better  one  available  that 
would  be  suggestive  of  potential  accumulation  through  the  effect 
of  traveling  waves  meeting  and  superimposing  at  that  place.  Mr. 
Taylor  doubts  the  fact  that  three  independent  electrostatic 
charges  traveling  over  separate  wires  and  meeting  at  a  junction 
point  will  build  up  to  three  times  their  individual  amplitude. 
To  illustrate  the  apparent  absurdity  of  this  argument,  he  sug- 
gests the  case  of  four  transformer  banks  with  common  neutral 
each  feeding  into  a  separate  three-phase  line,  under  which  con- 
dition the  neutral  would  be  subjected  to  twelve  times  the  po- 
tential possessed  by  the  individual  traveling  wave  at  the  neutral. 
The  writer  strongly  believes  that  such  an  arrangement,  if  it 
ever  did  exist,  would  prove  the  writer's  contention.  Fortu- 
nately, however,  transmission  systems  are  not  connected  that 
way  and,  therefore,  not  subjected  to  danger  from  this  particular 
cause.  The  nearest  approach  to  this  dangerous  condition,  as 
found  by  the  writer,  existed  in  a  transmission  system  operating 
a  20,000-volt  and  a  33,000-volt  line,  running  over  the  same  route 
and  connected  to  an  auto  transformer.  This  auto  transformer 
has  been  punctured  six  times  during  lightning  storms,  and  every 
time  the  puncture  occurred  at  the  neutral  point.  This  per- 
sistent puncture  at  the  neutral  point  would  seem  to  give  sub- 
stantial evidence  in  support  of  the  writer's  contention. 
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CORONA  AND  RECTIFICATION  IN  HYDROGEN 


BY  J.  W.  DAVIS  AND  C.  S.  BREESE 


Abstract  of  Paper 
The  results  of  an  investigation  of  the  corona  discharge  between 
co-axial  cylinders  in  an  atmosphere  of  hydrogen  are  given  in 
this  paper. 

Both  direct  and  alternating  electromotive  forces  were  used. 
The  characteristic  behavior  of  the  corona  is  given  by  means  of 
curves,  photographs  and  oscillograms. 

The  coron?  discharge  in  hydrogen  was  found  to  differ  from 
that  in  air  in  the  following  particulars: 

The  discharge  from  a  negative  wire  was  found  to  differ  widely 
from  a  positive  wire  in  the  magnitude  of  the  voltage  necessary  to 
start  the  discharge  in  the  shape  of  the  volt-ampere  characteristic 
and  also  in  the  stability  of  the  discharge. 

Corona  in  hydrogen  between  concentric  cylinders  is  shown  to 
be  a  practicable  method  for  rectifying  high  potential  alternating 
currents. 

The  apparent  evidence  of  ionization,  potential  gradients  at 
the  surface  of  the  tube  and  the  general  character  of  the  visual 
phenomena  are  discussed. 

A  brief  statement  of  conclusions  is  given. 

WHEN  a  sufficiently  high  potential  difference  is  impressed 
between  two  parallel  wires,  or  a  wire  and  concentric 
cylinder,  separated  by  air  or  some  other  gas,  this  gas  which  for 
low  potential  gradients  is  a  very  good  insulator  breaks  down  and 
becomes  a  partial  conductor.  The  phenomena  connected  with 
this  character  of  conduction  through  gases  are  known  collect- 
ively by  the  name  corona.  The  failure  of  the  gaseous  dielectric 
separating  the  metallic  conductors  is  made  evident  by  a  flow  of 
current  from  one  conductor  to  the  other,  by  a  power  loss  and,  in 
practically  all  cases,  by  the  appearance  of  light  at  either  one  or 
both  conductor  surfaces.  In  some  cases  light  appears  in  the 
intervening  space. 

Since  the  present  theories  as  to  the  mechanism  of  corona  form- 
ation do  not  satisfactorily  account  for  all  of  the  observed 
Phenomena  it  was  decided  to  carry  out  further  investigations 
lu  the  hope  that  when  enough  data  were  accumulated  some  theory 
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based  on  fundamental  principles  and  exp  iafr.fr:  g  ihe  reserved 
phenomena  mieht  be  evolved.  With  this  ptirpose  in.  Trrmd  it 
was  attempted  to  Amplify  the  cotuiitiocs  x  ccrcca  formation. 

A  wire  and  concentric  cylinder  were  oaed  in  crier  to  -—aire  the 
field  radial  and  to  £et  away  from  the  secondary  effects  iae  to  the 
hieh  intensity  electric  5eid  scrroandinz  a  second  wire  Hydro- 
gen was  -ased  as  the  dielectric  in  order  to  mrrfmrTr  the  ecects 
dtse  »  charges  in  the  chemical  cor^trttiticc  oc  the  £as.  When 
air  is  tssed  as  the  dielectric  the  formation  of  ozooe  may  piudmv 
marked  changes  in  the  vv'ta^e  necessary  for  corona  formatioc- 
Cor.tm-jxyi*  potential  was  used  in  order  to  separate  the  ecects 
accompanying  a  div.har^e  from  a  positive  wire  to  a  negative 
ttioe  from  those  which  are  characteristic  of  the  discharge  from  a 
negative  wire  to  a  positive  tube. 


PlG.  1  —  DlAOKAM  OP  CONNECTIONS 


Apparatus 

The  continuous  voltage  used  in  these  investigations  was  ob- 
tained by  means  of  a  battery  of  forty  500-volt  250-watt  contin- 
uous-current shunt-wound  generators  connected  in  series. 

These  machines  are  divided  into  two  sets  of  ten  machines 
each  and  one  set  of  twenty  machines,  each  set  being  driven  by  a 
belt-connected  continuous-current  shunt  motor.  The  genera- 
tors are  mounted  on  insulating  bases  and  the  shafts  of  the  sepa- 
rate machines  are  connected  by  insulating  couplings.  In  the 
newer  part  of  the  installation  one  terminal  of  each  machine  is 
permanently  connected  to  the  frame  of  that  generator  in  order 
definitely  to  limit  the  strain  on  the  machine  insulation  to  the 
voltage  generated  in  one  armature. 


PLATE  V. 
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The  field  of  each  machine  is  connected  directly  across  the 
armature  terminals,  a  single-pole  knife  switch  being  included  in 
the  circuit  in  order  that  the  machine  may  either  be  made  to 
generate  or  to  run  idle  at  will.  These  switches  were  operated  by 
means  of  a  hard  rubber  rod  approximately  eighteen  inches  in 
length,  since  they  may  be  20,000  volts  above  earth  potential. 
The  generators  were  run  somewhat  below  rated  speed  in  order 
to  limit,  to  a  safe  value,  the  voltage  generated  with  no  external 
resistance  in  the  field  circuit. 

The  diagrams  of  connections  for  the  direct-current  and  alter- 
nating-current tests  are  given  in  Pig.  1  and  Pig.  2  respectively. 
These  are  self-explanatory. 

Instruments.    Voltages  were  measured  with  a  vertical  type 


Oscillograph  Element 

Pig.  2. — Connection  Diagram  for  Half- Wave  Rectification 

Kelvin  electrostatic  voltmeter  having  ranges  of  20,000,  10,000 
and  5000  volts  and  a  Kohl  electrostatic  voltmeter  having  a  range 
of  3500  volts.  These  instruments  were  calibrated  from  time  to 
time  by  means  of  an  attracted  disk  electrometer.*  The  maxi- 
mum error  in  these  voltage  measurements  for  a  given  voltmeter 
scale  reading  was  less  than  two  per  cent.  The  probable  error  is 
less  than  one  per  cent. 

Currents  were  measured  by  means  of  a  d'Arsonval  galvano- 
meter and  Ayrton  universal  shunt.  These  were  calibrated  as  a 
unit  by  connecting  them  in  series  with  a  high  resistance  and  a 
dry  cell,  the  voltage  of  which  has  been  accurately  determined  by 
means  of  a  potentiometer.    The  voltage  of  the  dry  cell  was  de- 

The  theory  of  the  attracted  disc  electrometer.  (Trans.  A.  I.  E.  E., 
Vol.  XXXIII,    Part  II,  1914,  p.  1636.) 
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termined  both  on  open  circuit  and  with  the  smallest  series  resist- 
ance used  in  calibrating  the  galvonometer  connected  between 
its  terminals  as  a  load.  The  change  in  terminal  voltage  due  to 
the  current  flowing  was,  in  every  case,  found  to  be  entirely 
negligible. 

Preparation,  Purification  and  Test  of  Hydrogen 

The  hydrogen  used  in  these  investigations  was  prepared  by  the 
action  of  water  on  hydrone,  in  a  glass  containing  vessel.  Hy- 
drone  is  the  trade  name  for  a  sodium  lead  alloy.  This  alloy  was 
used  in  order  to  reduce  the  violence  of  the  reaction  between  the 
sodium  and  the  water.  The  hydrogen  prepared  in  this  manner 
was  collected  over  water  in  a  copper  vessel. 

When  it  was  desired  to  fill  a  corona  tube  with  hydrogen  the 
gas  was  forced  out  slowly  by  water  pressure.  It  was  passed 
through  drying  bottles  containing  concentrated  sulphuric  acid 
and  calcium  chloride  respectively.  It  was  then  passed  through 
a  hard  glass  tube  containing  red  hot  calcium  or  calcium  hydride. 
This  acted  as  an  effective  reagent  for  removing  any  traces  of 
oxygen  or  nitrogen. 

The  purifying  tube  was  filled  with  metallic  calcium  but  when 
this  is  brought  to  a  red  heat  in  an  atmosphere  of  hydrogen  a 
rapid  combination  takes  place.  The  hydride  formed  in  this 
manner  must  be  kept  in  an  atmosphere  of  hydrogen  as  it  com- 
bines with  air  at  room  temperature. 

From  the  purifying  tube  the  hydrogen  was  passed  through 
glass  tubing  to  the  corona  tube.  When  a  corona  tube  was  to  be 
filled  with  hydrogen  it  was  exhausted  and  filled  with  hydrogen 
three  times  in  order  to  remove  any  traces  of  air.  In  every  case 
a  Geissler  tube  was  connected  to  the  system  while  the  corona 
tube  was  being  filled.  The  spectrum  of  the  gas  in  this  tube  was 
observed  at  pressures  ranging  from  atmospheric  down  to  the  hard 
X-ray  stage.  If  lines  belonging  to  any  spectrum  other  than  that 
of  hydrogen  were  observed  at  any  pressure  the  charge  was  dis- 
carded and  the  corona  tube  was  refilled. 

Corona  Tube.  The  results  reported  in  this  paper  were  all  ob- 
tained with  copper  wires  strung  along  the  axis  of  a  cylindrical 
brass  tube. 

The  corona  tubes  were  connected  to  vacuum  pumps,  air  drying 
bottles,  hydrogen  apparatus  and  a  mercury  manometer  by 
means  of  a  small  side  tube  on  each  corona  tube.  One  side  of  the 
mercury  manometer  was  kept  at  zero  pressure.    In  this  way  the 
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manometer  readings  were  made  to  give  the  absolute  pressure  of 
the  gas  and  were  not  affected  by  changes  in  the  barometric 
pressure.  The  ends  of  the  brass  tubes  were  closed  by  means  of 
glass  plates  through  which  holes  had  been  ground.  Metal 
bushings  having  a  small  hole  along  the  axis  were  fitted  into  these 
holes  and  secured  with  red  sealing  wax.  The  glass  plates  were 
fastened  to  the  ends  of  the  tubes  in  such  a  manner  that  the  hole 
through  the  metal  bushing  coincided  with  the  axis  of  the  tube. 

The  wire  on  which  the  corona  discharge  was  to  be  observed 
was  passed  through  these  bushings.  One  end  was  fastened  to  a 
spring  enclosed  in  a  bottomless  glass  bottle  which  was  sealed  to 
the  end  plate  so  as  to  surround  the  bushing.  The  stopper  was 
removed  from  this  bottle  when  a  new  wire  was  being  placed  in 
the  tube.  When  the  wire  was  in  place  the  stopper  was  sealed 
tight  with  half  and  half  wax.*  After  the  wire  had  been  stretched 
tight  the  other  end  was  fastened  in  the  metal  bushing  with  red 
sealing  wax.  In  this  way  the  wire  was  maintained  tight  and 
accurately  centered. 

The  metal  bushings  were  necessary  as  it  was  found  that  with 
hydrogen  a  very  decided  effect  was  produced  on  both  the 
corona  starting  voltage  and  the  volt-ampere  characteristics, 
when  corona  was  allowed  to  form  in  the  vicinity  of  these  end 
plates.  This -effect  was  dtft  to  the  breaking  down  of  the  gas 
between  the  glass  and  the  wire  where  the  wire  passed  through 
the  glass  end  plates,  as  it  was  not  always  possible  completely  to 
fill  this  space  with  wax  and  at  the  same  time  keep  the  wire  within 
the  tube  free  from  the  wax,  which  would  start  a  local  discharge. 

The  wires  used  in  these  investigations  were  carefully  cleaned 
and  straightened  and  then  calipered  with  a  micrometer  caliper 
before  being  placed  in  the  tube.  These  wires  varied  in  diameter 
from  0.12  mm.  to  1.59  mm.  The  larger  part  of  the  data  was 
taken  with  the  wire  in  a  brass  tube  4.45  cm.  in  diameter  but  the 
results  were  checked  with  a  7-cm.  tube  in  order  to  determine 
whether  the  size  of  the  tube  would  affect  the  nature  of  the  phe- 
nomena. No  changes  due  to  the  size  of  the  tube  were  noticeable 
as  far  the  general  character  of  the  results  and  the  critical  the- 
oretical electric  intensity  at  the  surface  of  the  wire  are  concerned. 

*Half  and  half  wax  is  prepared  by  melting  together  approximately 
equal  quantities  of  bees  wax  and  rosin.  The  heat  should  be  applied  by 
means  of  boiling  water. 
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Corona  in  Hydrogen 

Throughout  the  investigation  with  hydrogen  it  was  found  that 
the  breaking  down  of  the  dielectric  and  the  appearance  of  light 
at  the  surface  of  the  wire  were  simultaneous.  The  voltage 
necessary  to  cause  these  phenomena  will  be  called  the  critical 
voltage.  The  intensity  of  the  electric  field  at  the  surface  of  the 
wire,  under  these  conditions,  computed  on  the  assumption  that 
the  field  between  the  wire  and  the  tube  is  completely  determined 
by  the  charges  on  the  wire  and  tube,  will  be  called  the  critical 
intensity.  The  above  assumption  neglects  the  possibility  of 
distortion  of  field  due  to  space  charge  before  the  corona  starts. 

Corona  between  a  positive  wire  and  negative  tube  will  be 
spoken  of  as  positive  corona,  while  corona  between  a  negative 
wire  and  positive  tube  will  be  spoken  of  as  negative  corona. 
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The  +  and  —  signs  on  the  curve  sheets  refer  to  the  polarity  of 
the  wire. 

In  Fig.  3  are  given  curves  showing  the  variation  of  critical 
voltage  with  gas  pressure  for  air  and  hydrogen  with  two  sizes 
of  wire.  The  curves  for  air  were  taken  from  FarweU's  paper 
(Trans.  A.  I.  E.  E.,  Vol.  XXXIII,  Part  II,  1914,  p.  1648.). 
The  curves  for  air  and  hydrogen  were  taken  with  tubes  of  the 
same  diameter  and  therefore  may  be  justly  compared.  From  a 
casual  observation  of  these  curves  it  is  apparent  that  the  law  of 
variation  of  critical  voltage  with  pressure  is  essentially  the  same 
in  the  two  cases.  The  curves  for  hydrogen  agree  fairly  well  with 
Peek's  formula  when  this  is  put  in  the  form 


E  =  E.p  +  C  Vp 
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where  E  =  critical  intensity. 

p  =  pressure  in  per  cent  of  atmospheric  pressure. 

EQ  and  C=  constants. 

This  shows  that  as  far  as  variation  of  pressure  is  concerned, 
with  a  given  size  of  wire,  the  critical  intensity  for  corona  in 
hydrogen  obeys  Peek's  law. 

The  data  so  far  obtained  do  not  show  conclusively  that  Peek's 
formula 

holds  for  hydrogen  when  the  variation  of  E  with  changes  of  the 
radius  of  the  wire  is  considered.    In  this  formula 

E  =  critical  intensity. 

p  =  pressure  in  per  cent  of  atmospheric  pres- 
sure. 

r  =  radius  of  wire. 
Eq  and  b  =  constants. 

The  general  nature  of  the  results  so  far  obtained  however  seems 
to  indicate  that  this  formula  may  hold. 

From  the  curves  of  Fig.  3  it  may  be  seen  that  there  are  two 
decided  differences  between  the  critical  voltages  for  air  and 
hydrogen. 

1.  With  air  the  positive  critical  voltage  is  lower  than  the 
negative,  while  with  hydrogen  the  negative  critical  voltage  is 
less  than  the  positive.  This  is  true  in  the  case  of  hydrogen  for 
all  sizes  of  wire  and  all  pressures  covered  in  this  investigation. 

2.  For  the  same  size  of  wire  and  the  same  pressure  the  critical 
voltage  in  hydrogen  is  much  lower  than  the  critical  voltage  in 
air. 

Characteristic  Curves.  Characteristic  curves  for  positive  co- 
rona in  hydrogen  for  two  sizes  of  wire  and  various  pressures  are 
given  in  Fig.  4  and  Fig.  5.  These  represent  the  general  form  of 
the  characteristics  for  all  sizes  of  wire  and  all  pressures  covered 
in  these  investigations.  The  most  remarkable  points  about 
these  characteristics  are: 

a.  The  marked  difference  between  the  critical  voltage  and  the 
voltage  at  which  corona  ceases. 

b.  The  difference  between  the  points  taken  with  increasing 
and  those  taken  with  decreasing  current* 
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This  persistence  of  corona  at  voltages  less  than  that  necessary 
to  start  the  discharge  has  not  been  observed  with  air  and  con- 
tinuous potentials.  (See  Bennett  Trans.  A.  I.  E.  E.,  Vol. 
XXXII,  Part  II,  1913,  p.  1796,  for  alternating  potentials.)  If 
there  is  any  such  difference  for  air  its  magnitude  is  certainly 
very  much  less  than  with  hydrogen. 

This  difference  between  the  critical  voltage  and  the  voltage 
at  which  corona  is  maintained  may  be  explained  by  the  change 


Pig.  4 


in  the  electric  intensity  (volts  per  cm.)  at  the  surface  of  the  wire 
after  the  corona  has  been  formed.  This  change  of  intensity  is 
caused  by  the  space  charge  due  to  the  positive  and  negative  ions 
in  the  space  between  the  wire  and  the  tube.  That  such  a  distor- 
tion of  the  electric  field  exists  is  well  known.  The  difference 
between  the  critical  voltage  and  the  voltage  at  which  the  dis- 
charge ceases  is  not  detected  unless  all  sources  of  irregular 
ionization  such  as  rough  spots  on  the  wire,  high  intensity  where 
the  wire  passes  through  the  glass,  etc.,  are  eliminated. 
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The  negative  corona  characteristic  curves  for  a  No.  36  B.  &  S. 
gage  copper  wire,  0.121  mm.  in  diameter,  in  a  brass  tube  the 
inside  diameter  of  which  was  4.45  cm.  are  given  in  Fig.  6.  It 
will  be  noticed  that  the  shape  of  these  characteristics  depends 
on  the  gas  pressure  to  a  very  decided  extent. 

With  this  size  of  wire  corona  seemed  to  start  in  each  case  with 
a  number  of  very  small  bright  points  on  the  wire.  Usually, 
however,  the  negative  corona  started  with  an  unstable  flicker- 
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ing  glow  along  the  wire.  With  an  increase  of  voltage  the  current 
gradually  increased  until  a  point  was  reached  where  the  small 
bright  spots  combined  into  one  negative  bead  of  the  kind  des- 
cribed by  Farwell  (Trans.  A.I.E.E.,  Vol.  XXXIII,  Part  II,  1914, 
p.  1631.)  This  change  in  formation  was  accompanied  by  a  large 
increase  in  current  and  a  drop  in  the  potential  difference  between 
the  wire  and  the  tube.  This  drop  in  potential  difference  across 
the  tube  was,  in  a  certain  sense,  due  to  the  resistance  in  series 
with  the  corona  tube.    The  increased  current  taken  by  the  tube 
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causes  a  higher  drop  through  the  series  resistance,  which  stabi- 
lizes the  corona  discharge  and  prevents  the  indefinite  increase 
of  current  which  might  result  if  there  were  no  resistance  in  the 


circuit.  The  gaps  in  the  curves  represent  unstable  conditions. 
An  increase  in  the  generated  voltage  caused  an  increase  in  the 
corona  current  which  was  accompanied  by  either  an  increase  or 
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a  decrease  of  the  voltage  between  the  wire  and  the  tube  depending 
on  the  size  of  wire  and  the  gas  pressure. 

It  may  be  noticed  that  for  the  lower  pressures  the  corona 
current-voltage  characteristics  are  similar  to  the  usual  arc 
characteristic.  The  discharge,  however,  was  not  the  arc  dis- 
charge. The  arc  forme4  if  the  machine  voltage  was  sufficiently 
increased.  This  was  accompanied  by  a  further  drop  in  the 
voltage  between  the  wire  and  tube  and  an  entire  change  in  the 
general  appearance  of  the  discharge. 

Difference  Between  Air  and  Hydrogen.  The  characteristic 
curves  in  Fig.  7  show  clearly  the  difference  between  the  corona 
in  air  and  in  hydrogen.    The  two  curves  on  the  left  hand  side  of 
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Fig.  7 

the  sheet  refer  to  hydrogen  while  the  curves  on  the  right  were 
obtained  with  air.  The  data  for  these  curves  were  obtained 
with  wires  of  approximately  the  same  diameter.  The  data  for 
corona  in  air  were  taken  from  Farwell's  paper.  These  curves 
show  two  differences  between  air  and  hydrogen.  In  air  the  posi- 
tive corona  starts  at  a  lower  voltage  than  the  negative  while  the 
reverse  is  true  in  case  the  dielectric  is  hydrogen.  The  other  and 
more  important  difference  is  the  entire  dissimilarity  of  the  posi- 
tive and  negative  curves  with  hydrogen.  This  difference  has 
not  been  found  with  air. 

It  must  be  remembered  that,  although  the  characteristic 
curves  for  the  wire  positive  appear  to  be  the  same  for  air  and 
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hydrogen,  there  is  a  decided  difference  even  in  this  case  as,  with 
hydrogen,  the  corona  was  maintained  at  voltages  lower  than 
that  necessary  to  start  the  discharge. 

Rectification 

After  looking  at  the  above  curves  it  is  at  once  evident  that 
corona  in  hydrogen  between  a  wire  and  a  tube  is  an  effective 
means  of  accomplishing  rectification.  This  is  true  since  large 
currents  may  be  obtained  from  a  negative  wire  with  voltages 
which  will  give  little  or  no  current  from  a  positive  wire.  This 
rectification  may  be  accomplished  with  the  wire  cold  and  is  not 
a  case  of  rectification  by  means  of  a  hot  cathode.  The  principle 
of  electron  emission  from  a  hot  cathode  might  be  used,  however, 
in  connection  with  the  corona  rectification. 

Following  up  the  question  of  rectification  the  corona  tube  was 
connected  to  an  alternating  source  of  voltage  as  shown  in  Fig. 
2.  A  sensitive  oscillograph  element  was  connected  directly  in 
series  with  the  corona  tube  and  another  element  was  connected 
across  the  primaries  of  the  transformers.  The  oscillograms 
shown  in  Figs.  8,  9  and  10  were  taken  with  the  connection  as 
shown  in  this  diagram. 

Fig.  8  gives  the  current  and  voltage  curves  when  an  alterna- 
ting voltage  is  impressed  across  a  corona  tube.  The  curve 
having  both  positive  and  negative  lobes  is  the  voltage.  The 
non-symmetrical  character  of  this  curve  is  due  to  the  drop  in  the 
resistance  in  series  with  the  primaries  of  the  transformers.  The 
curve  lying  mainly  below  the  axis  represents  the  current  flowing 
between  the  wire  and  tube.  The  part  of  this  curve  slightly 
above  and  slightly  below  the  axis  is  of  the  same  shape  and  order 
of  magnitude  as  the  charging  current  of  the  condenser  formed 
by  the  wire  and  cylinder.  This  was  determined  by  an  oscillo- 
gram taken  at  a  voltage  slightly  less  than  that  necessary  to 
form  corona. 

The  voltage  at  which  negative  corona  starts  as  shown  in  this 
oscillogram  is  approximately  twice  the  voltages  across  the  tube 
at  the  instant  that  the  discharge  ceases. 

The  rectification  with  corona  in  hydrogen  is  practically  per- 
fect as  is  shown  by  the  oscillograms  in  Figs.  8  and  9.  Fig.  10 
gives  the  voltage  and  current  with  corona  in  air  at  100  mm. 
pressure.  It  is  of  interest  to  compare  Figs.  8,  9  and  10  with 
those  given  by  Bennett  for  air  at  low  pressures  ^ Trans.  A.  I.  E. 
B-  Vol-  XXXII,  Part  II,  1913,  p.  1787.). 
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Fig.  11 — Corona  in  4.45-cm.  Brass  Tube  with  0.200-mm.  CopperWire 
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The  irregularities  in  the  part  of  the  curve  near  the  zero  line 
seem  to  be  due  to  the  capacity  effect  and  are  in  no  sense  charac- 
teristic of  the  corona  discharge. 

The  whole  question  of  rectification  is  at  present  being  made 
the  subject  of  further  investigation. 

General  Appearance 

In  general  appearance  the  corona  in  hydrogen  is  similar  to  that 
in  air,  but  upon  critical  examination  it  is  seen  that  there  are 
many  points  of  difference.  Some  of  these  similarities  and  dif- 
ferences are  shown  in  Fig.  11. 

With  the  wire  positive  and  sizes  of  wire  smaller  than  No.  26 
B.  &  S.  (0.405  mm.  diam.)  the  wire  was  surrounded  by  a  thin 
luminous  layer  which  was  essentially  uniform.  This  is  shown  in 
Fig.  11.  As  the  size  of  the  wire  was  increased  this  glow  became 
more  and  more  irregular.  At  first  there  were  spots  somewhat 
brighter  than  others.  For  a  wire  as  large  as  No.  10  B.  &  S. 
(2.59  mm.  diam.)  the  discharge  took  the  form  of  a  large  number  of 
brushes  similar  to  the  point  discharge  in  air.  These  brushes 
were  closely  spaced  along  the  length  of  the  wire  with  a  fairly 
uniform  glow  between  them.  It  was  impossible  to  obtain  a 
satisfactory  photograph  of  this.  This  discharge  was  blue  in 
color.  If  the  voltage  was  increased  to  a  high  value  a  brilliant 
red  spark  passed  between  the  wire  and  tube.  This  was  fol- 
lowed by  a  pale  blue  arc  having  incandescent  blue  spots  at  both 
ends. 

The  typical  form  of  discharge  with  the  wire  negative  is  also 
shown  in  Fig.  11.  It  is  seen  that  the  discharge  consisted  of 
bright  beads  on  the  wire.  As  the  potential  was  continuously 
increased,  the  first  evidence  of  a  breakdown  of  the  gas  was  the 
appearance  of  an  intermittent  flickering  glow.  In  every  case  the 
first  noticeable  current  and  visible  corona  occurred  simultane- 
ously. If  bright  spots  were  formed  on  the  surface  these  in- 
creased in  number  and  the  current  gradually  increased  until  a 
stage  was  reached  where  the  small  bright  spots  collapsed  into 
one  brilliant  bead.  This  change  was  accompanied  by  a  rapid 
increase  of  current  and  a  drop  in  the  voltage  across  the  tube. 
(See  Fig.  6.)  A  further  increase  in  voltage  caused  more  small 
bright  spots  to  form  and  also  caused  an  increase  in  the  brilliancy 
of  the  beads.  The  bright  spots  collapsed  into  another  bead  and 
-  in  this  manner  the  number  of  beads  and  the  current  increased 
as  the  generator  voltage  was  made  larger.    If  the  generator 
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voltage  was  now  decreased  the  behavior  of  the  corona  was  some- 
what different.  Suppose  that  there  were  nine  beads  on  the 
wire.  These  beads  persisted  and  became  less  and  less  brilliant 
until  they  finally  collapsed  into  one  or  two  beads.  Thus  it  is 
seen  that  with  increasing  voltage  the  beads  appear  one  after 
another,  while  with  decreasing  voltage  they  will  continue  until 
several  disappear  at  one  time,  thus  concentrating  the  current  in 
a  smaller  number  of  more  brilliant  beads. 

With  the  wire  negative  there  was  no  evidence  of  a  uniform 
glow  for  any  size  of  wire  or  any  pressure  covered  in  this  investi- 
gation unless  an  arc  was  in  series  with  the  tube.  This  is  not 
true  with  air. 

Opposite  to  each  bead  for  practically  all  pressures  and  all 
„  sizes  of  wire  used  in  these  experiments  there  were  a  number  of 
bright  spots  on  the  tube.  The  number  of  spots  varied  from  ten 
or  twelve  up  to  a  hundred  or  more  depending  upon  the  current 
flowing  from  the  bead.  If  there  were  only  a  few  spots  they 
would  be  bunched  together,  but  when  the  current  was  large  the 
spots  formed  a  band  with  a  width  of  approximately  one  centi- 
meter completely  surrounding  the  tube.  These  spots  varied  in 
color  from  pale  yellow  to  milky  blue,  depending  on  the  pressure, 
current  and  size  of  wire.  With  low  pressures  and  large  currents 
these  spots  appeared  as  brilliant  green  fans  with  yellow  spots 
where  they  touched  the  tube.  The  effect  was  then  truly  beauti- 
ful. This  green  color  may  be  due  to  the  brass  tube,  and  thus 
may  not  be  characteristic  of  hydrogen.  The  presence  of  these 
spots  seems  to  indicate  an  ionizing  gradient  at  the  surface  of  the 
tube. 

With  an  alternating  voltage  impressed  across  the  tube  the 
corona  may  take  the  form  shown  in  Fig.  11.  In  the  illustration 
for  436  mm.  this  is  essentially  the  same  as  the  negative  corona, 
since  the  conditions  under  which  this  picture  was  taken  were 
such  that  there  was  perfect  rectification  and  no  positive  corona 
was  present.  If  any  positive  corona  was  present  it  would  be  made 
evident  by  a  uniform  glow  between  the  negative  beads.  The 
corona  in  air  with  alternating  voltage  is  also  shown  in  Fig.  11. 
The  difference  is  at  once  apparent.  If  the  alternating  voltage 
on  the  hydrogen  filled  tube  is  increased  sufficiently,  positive 
corona  will  form  and  finally  the  positive  arc  will  follow.  The 
arcing  during  the  half  cycle  when  the  wire  is  positive  can  be 
determined  immediately,  both  by  the  fact  that  the  red  positive 
->ark  is  easily  visible  shooting  across  the  blue  corona  and  negative 
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discharge,  and  also  by  the  fact  that  the  rectification  is  much  less 
perfect. 

The  predominating  color  of  the  various  discharges  through 
hydrogen  was  blue,  ranging  from  a  light  silver  blue  to  sky 
blue.  The  one  marked  exception  to  this  was  the  brilliant  red 
of  the  disruptive  discharge  from  a  positive  wire.  This  brilliant 
red  spark  was  followed  by  a  pale  blue  arc. 

When  a  continuous  voltage  was  impressed  on  the  tube  and  a 
short  arc  (1mm.  or  less)  was  introduced  into  the  circuit  the  fol- 
lowing changes  in  the  character  of  the  discharge  were  observed. 

With  a  No.  26  B.  &  S.  gage  (0.405  mm.  diam.)  wire  in  the  tube 
and  the  wire  positive,  the  introduction  of  a  short  arc  caused  the 
uniform  glow  to  break  up  into  straight  blue  streamers  extending 
from  the  wire  to  the  tube  with  brilliant  light  blue  spots  at  each 
end.  This  discharge  resembled  a  radial  shower  of  blue  light. 
Lengthening  the  arc  caused  the  streamers  to  disappear  and  the 
entire  tube  was  filled  with  a  blue  glow.  With  a  No.  36  B.  &  S. 
gage  (0.121  mm.  diam.)  wire,  the  radial  streamers  did  not  appear 
when  the  arc  was  introduced  in  the  circuit,  but  the  tube  was 
filled  with  a  blue  glow. 

With  the  wire  negative  the  introduction  of  an  arc  in  series 
with  the  tube  caused  very  little  change  in  the  appearance  of  the 
corona  at  the  surface  of  the  wire,  but  caused  a  disappearance  of 
the  bright  spots  on  the  surface  of  the  tube. 

With  the  wire  negative  and  hydrogen  in  the  space  between  the 
wire  and  the  cylinder  an  increase  in  the  gas  pressure  as  great 
as  3  cm.  of  mercury  has  been  observed  on  closing  the  circuit. 
This  pressure  increase  was  due  to  ionization  of  the  gas  and  not 
to  increased  temperature  as  it  immediately  disappeared  when 
the  current  was  shut  off. 

Conclusions 

1.  The  critical  intensity  for  corona  in  hydrogen  follows  Peek's 
law  fairly  closely  as  far  as  changes  due  to  variations  in  the  gas 
pressure  are  concerned. 

2.  The  variation  of  the  critical  intensity  with  the  radius  of  the 
wire  is  not  as  yet  conclusively  proved  either  to  follow  or  not  to 
follow  Peek's  law  but  the  general  character  of  the  results  so  far 
obtained  seem  to  indicate  that  the  law  may  hold. 

3.  Hydrogen  is  different  from  air  in  that  corona  is  maintained 
at  voltages  considerably  lower  than  the  critical  voltage  while 
this  has  not  been  found  to  be  the  case  with  air. 
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4.  The  characteristic  curves  with  the  wire  positive  in  hydrogen 
differ  from  those  with  air  in  that  the  voltage  necessary  to  main- 
tain a  given  current  depends  on  whether  that  value  of  current 
has  been  approached  by  increasing  or  decreasing  the  machine 
voltage. 

5.  The  characteristic  for  the  wire  negative  in  hydrogen  is 
entirely  different  from  the  characteristic  obtained  with  a  negative 
wire  in  air. 

6.  Complete  rectification  for  alternating  current  is  obtained 
between  concentric  cylinders  when  the  intervening  space  is 
filled  with  hydrogen  and  an  alternating  potential  difference  suf- 
ficiently high  to  produce  negative  corona  is  impressed  between 
the  cylinders. 

7.  This  rectification  continues  after  the  negative  arc  has  been 
established,  under  the  proper  conditions  of  pressure,  size  of 
wire  and  size  of  tube.  Direct  currents  as  high  as  0.12  ampere 
have  been  obtained  with  alternating  voltages  of  approximately 
8000  volts. 

The  investigations  outlined  in  this  paper  were  carried  out  in 
the  Laboratory  of  Physics  at  the  University  of  Illinois  under  the 
direction  of  Dr.  Jacob  Kunz,  Associate  Professor  of  Physics. 
To  him,  to  Professor  E.  B.  Paine  of  the  Department  of  Electrical 
Engineering  and  to  Professor  A.  P.  Carman  of  the  Department 
of  Physics  the  authors  wish  to  acknowledge  their  indebtedness 
for  suggestions  and  aid  which  made  this  work  possible. 
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THE  ELECTRIC  STRENGTH  OF  AIR.— VH 


BY  J.  B.  WHITEHEXD  AND  W.  S.  BROWN 


Abstract  of  Paper 


In  view  of  the  variation  among  the  values  obtained  by  dif- 
ferent observers,  this  paper  aims  to  make  a  careful  determination 
of  corona-forming  voltages  for  alternating  and  for  positive  and 
negative  continuous  voltages  in  the  same  apparatus  and  under 
the  same  conditions. 

Within  the  range  of  wire  diameters  used,  corona  appears 
at  a  lower  value  when  the  wire  is  positive  than  when  it  is  negative, 
although  the  two  curves  converge  for  increasing  diameters. 
The  maximum  excess  of  negative  over  positive,  as  observed,  was 
6.3  per  cent. 

The  values  with  alternating  voltage  coincide  with  those  of 
negative  continuous  voltage.  Positive  continuous  voltage  there- 
fore forms  corona  at  the  lowest  value. 

The  observations  on  the  negative  corona  give  values  higher 
than  any  heretofore  obtained. 

Other  experiments  are  described,  giving  qualitative  indications 
of  the  correctness  of  Townsend's  theory  of  ionization  by  collision. 


THE  voltage  at  which  corona  appears  on  a  round  wire  in  air 
depends  on  the  diameter  of  the  wire,  the  potential  gradient 
at  the  surface  and  the  density  of  the  air.  The  relation  as  based 
on  the  results  of  these  papers  and  those  of  Peek1  is  of  the  form, 


in  which  E  is  the  potential  gradient  at  the  surface  of  the  wire  of 
radius  r  or  diameter  d>  S  is  the  so-called  "density  factor",  its 
value  being  unity  at  a  pressure  of  76  cm.  and  a  temperature  of 
25  deg.  cent.,  and  A  and  B  are  constants.  In  the  experiments 
on  which  formula  (1)  is  based  alternating  voltages  were  used, 
and  it  was  shown  that  the  maximum  value  of  voltage  or  gradient 
determines  the  appearance  of  corona. 

If  the  value  of  E  as  obtained  from  the  empirical  formulas  of 
Whitehead*  and  Peek  and  from  the  results  of  some  of  the  other 
investigators  of  the  alternating-current  corona  be  plotted  as  a 
function  of  the  radius  of  the  wire,  we  find  that  the  value  of  E  for 
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any  one  wire  shows  noticeable  discrepancies,  i.t.y  the  constants 
A  and  B  have  different  values.  The  differences  in  the  observed 
values  are  probably  due  to  the  difficulty  in  measuring  the  ratio 
of  maximum  to  effective  values  of  the  high  voltage,  to  the  un- 
equal surface  condition  of  the  wires  and  to  failure  to  properly 
correct  for  atmospheric  conditions.  The  observations  of  White- 
head gave  A  =  32  and  B  =  13.4.  The  work  of  Peek1,  somewhat 
later,  showed  a  similar  relation  between  E  and  dt  giving  A  =  29.8 
and  B  =  12.7.  These  values  in  his  subsequent  papers  have 
been  brought  up  to  31.0  and  13.5  respectively,  which  are  in 
close  agreement  with  the  result  of  Whitehead. 

The  most  important  work  on  the  direct-current  corona  has 
been  done  by  Watson1,  Shaffers4,  and  FarwelP.  Watson  made 
observations  with  wires  ranging  from  0.70  mm.  to  12.76  mm.  in 
diameter,  using  as  a  source  of  power  an  influence  machine  of 
special  design.  For  the  case  of  a  wire  and  cylinder  he  found 
that  the  polarity  of  the  wire  had  a  marked  influence  on  the  ap- 
pearance of  corona  and  on  the  value  of  the  critical  intensity. 
Schaffers,  using  wires  from  0.0006  to  0.70  cm.  in  diameter  in 
tubes  of  various  sizes,  found  that  for  the  larger  wires  the  positive 
corona  appeared  at  a  lower  voltage  than  the  negative,  while  for 
the  smaller  sizes  the  reverse  was  true.  The  curves  of  critical 
intensity  crossed  at  a  point  corresponding  to  a  wire  0.01  cm.  in 
radius. 

Farwell,  using  a  series  of  500-volt  generators  as  a  source  of 
high  potential,  investigated  the  influence  of  the  polarity  of  the 
wire,  of  temperature,  pressure  and  humidity  on  the  corona- 
forming  voltages  on  copper  wires  ranging  from  0.009  to  0.258 
cm.  in  diameter  in  a  tube  4.45  cm.  in  diameter.  For  a  given 
size  wire,  he  found  that  corona  appeared  at  a  much  lower  voltage 
when  the  wire  was  positive.  His  observations  can  be  repre- 
sented by  formula  (1)  and  the  value  of  the  constants  as  given  in 
his  A.  I.  E.  E.  paper  are  for  the  positive  wire,  A  =  31.6,  B  =8.47, 
for  the  negative  wire,  A  =  38.0,  B  =  8.06.  Here  again,  as  in 
the  alternating-current  case,  the  results  of  different  investiga- 
tors show  considerable  divergence. 

It  was  in  view  of  these  differences  among  the  values  of  the 
constants  of  formula  (1)  as  determined  by  different  observers 
that  the  present  investigation  was  undertaken.  The  different 
conditions  under  which  the  several  investigators  worked  should 
account  in  a  large  measure  for  the  different  values  obtained  for 
both  alternating  and  continuous  voltage.    The  aim  of  the  present 
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experiments  has  been  to  compare  alternating  and  continuous 
values  of  corona  voltage  under  identical  conditions  and  under 
the  best  possible  conditions  for  accuracy.' 

Some  later  experiments  outlined  in  Section  V  had  as  their 
purpose  the  testing  of  some  of  the  assumptions  of  the  present 
day  theories  as  to  the  start  and  ultimate  nature  of  corona. 

Since  the  experiments  of  this  paper  were  completed  Peek10  has 
published  results  of  a  comparison  of  alternating  and  continuous 
corona  voltages.  He  finds  that  they  are  identical  and  inde- 
pendent of  the  polarity  of  the  wire  in  the  case  of  continuous 
voltage.  The  results  described  in  this  paper  are  noticeably  at 
variance  with  those  of  Peek. 

II.  Description  op  Apparatus 
For  Alternating  Voltages.    The  diagram  of  connections  for  the 
production  of  and  measurements  on  the  alternating-current 
corona  is  given  in  Fig.  1.    The  motor-generator  G  supplies  the 


CT. 


Fig.  1 


low-tension  winding  of  the  transformer  T  through  a  potential 
regulator,  P  R.  One  terminal  of  the  high-tension  winding  is 
connected  to  the  low-tension  winding  and  to  ground  and  the 
other  to  the  corona  wire.  C  T  is  the  corona  tube  and  E,  an  elec- 
troscope, both  described  in  detail  in  a  subsequent  paragraph. 

The  motor-generator  set  consisted  of  two  5-kwM  1200-rev.  per 
min.,  120-volt  alternating-current  generators,  one  60  and  the 
other  20  cycles  driven  by  a  7.5-h.p.,  120-volt  direct-current, 
shunt-wound  motor.  The  use  of  a  storage  battery  of  large  capac- 
ity as  a  source  of  energy  for  driving  the  motor  and  for  exciting  the 
two  alternators  made  it  possible  to  obtain  a  very  constant 
voltage.  Throughout  the  experiments  only  the  60-cycle  unit 
was  used.  The  armature  was  surface  wound  and  the  wave 
smooth. 

The  transformer  used  was  rated  at  3000  watts,  60  cycles,  100- 
25,000  volts.  The  low-tension  winding  was  in  two  50-volt 
sections,  the  high-tension  in  four  6250-volt  sections.    The  ratio 
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of  turns  of  the  transformer  as  furnished  by  the  manufacturer 
was  1-250.18  and  this  ratio  was  used  to  determine  the  secondary 
voltage.  The  primary  voltage  was  read  on  a  standardized 
Weston  dynamometer  voltmeter  V  (Fig.  1  )  and  was  controlled 
by  the  potential  regulator  P  R  and  a  variable  resistance  R  in  the 
generator  field  F.  The  influence  of  the  varying  J  R  drop  in  the 
primary  winding  was  practically  negligible  in  its  effect  on  the 
ratio  of  transformation  owing  to  the  small  values  of  the  magnet- 
izing and  load  currents. 

The  corona  apparatus  consisted  of  a  wire  stretched  co-axially 
in  a  metal  tube.  The  wire  was  clamped  at  each  end  in  a  device 
which  permitted  stretching  and  centering.  The  tube  was 
mounted  on  an  insulated  stand  which  also  supported  a  very 
sensitive  electroscope.  Small  holes  were  drilled  in  a  section  of 
the  tube  and  a  disk  of  the  same  curvature  as  the  tube  was  con- 
nected to  one  terminal  of  the  electroscope  and  placed  as  close  to 
the  tube  as  possible  without  actual  contact.    The  disk,  the  con- 


Pig.  2 — Connections  for  Experiments  With  15,000- Volt  Direct- 
Current  Generator 

nections  to  the  electroscope  and  the  electroscope  proper  were 
protected  by  grounded  metal  shields.  The  electroscope  was 
charged  to  a  potential  of  440  volts  from  the  lighting  mains 
through  lamps  and  condensers  by  parallel-series  connection. 
The  insulated  stand  was  grounded  for  the  alternating-current 
observations  thus  grounding  the  other  term  nal  of  the  electro- 
scope. The  ionization  accompanying  the  very  fir  t  appearance  of 
co  ona  causes  the  electroscope  to  discharge  rapidly,  which  thus 
served  as  detector  of  corona.  Fig.  4  is  an  illustration  of  the  tube 
as  used  in  some  later  experiments. 

For  Continuous  Voltages.  Two  sources  of  high  continuous 
voltage  were  available,  a  high-voltage  generator  and  a  kenotron 
or  hot-cathode  rectifier.  The  diagram  of  connections  in  the  use 
of  the  former  is  shown  in  Fig.  2.  G  the  generator,  supplies  the 
high  potential  through  parallel  condensers  C  to  the  corona  wire. 
V  M  and  G'  are  a  voltmeter,  multiplier  and  galvanometer  re- 
spectively. 


1917] 


ELECTRIC  STRENGTH  OF  AIR 


173 


The  generator  of  special  design  consisted  of  eight  units 
mounted  on  an  insulating  bed.  Each  armature  is  provided  with 
two  windings  and  commutators  and  rated  as  follows:  Amperes 
0.1 ;  speed,  2700  rev.  per  min. ;  volts  per  commutator,  937.5 ;  shunt 
wound.  The  available  potential  was,  therefore,  15,000  volts, 
when  the  machine  was  run  at  normal  speed  with  all  the  units  in 
series. 

The  connection  of  a  large  number  of  low-voltage  generators 
in  series  as  a  method  of  obtaining  high  values  of  continuous 
potential  has  been  often  used.  In  the  present  case  to  avoid 
insulation  troubles,  self-excited,  shunt-wound  generators  were 
used  with  individual  rheostats  mounted  on  each  frame  and 
special  precautions  were  taken  in  the  design  of  the  insulation. 
The  generators  were  driven  by  a  5-h.p.,  220-volt  direct-current, 
shunt-wound  motor  through  an  insulating  belt  and  insulated 
couplings.  Voltage  control  was  obtained  in  two  ways.  Ad- 
justable carbon  rod  resistances  connected  in  series  with  the 
generator  fields  and  carefully  insulated  from  the  frame  were 
mounted  on  the  top  of  each  machine  and  a  movable  insulated 
gearing  provided  uniform  variation  of  all  the  rheostats.  For 
fine  adjustment  a  rheostat  was  inserted  in  the  driving  motor 
field  which  gave  voltage  control  by  varying  the  motor  speed.  An 
illustration  of  the  unit  is  given  in  Fig.  5. 

The  Moscicki  condensers,  whose  function  will  be  explained 
later,  were  rated  at  20,000  volts,  effective  value.  They  are  of 
the  Leyden  jar  type,  the  dielectric  being  of  glass;  and  to  prevent 
corona  from  forming  on  the  edge  of  the  plates,  the  condensers 
were  filled  with  oil.  Two  condensers  were  used,  consisting  of 
eight  units  of  0.002  microfarad  each. 

The  voltmeter  used  was  a  Weston  intrument  of  the  permanent 
magnet  type,  with  two  scales  (0-150  and  0-750  volts).  It  was 
carefully  compared  throughout  its  entire  range  with  a  Weston 
laboratory  standard  instrument  and  found  correct  within  the 
limit  of  observation  error,  i.e.,  0.1  per  cent.  The  resistance  of 
the  high  scale  winding  was  82,790  ohms.  As  it  was  desired  to 
measure  potentials  up  to  35,000  volts,  a  multiplier  of  4.5  megohms 
was  necessary.  Shunting  the  instrument  by  an  approximately 
equal  resistance  reduced  this  amount  by  one  half  although  it 
introduced  the  disadvantage  of  doubling  the  amount  of  power 
required.  For  example,  at  15,000  volts  this  demand  is  0.0065 
ampere  and  is  great  enough  to  impose  a  serious  limitation  "on 
some  of  the  later  experiments,  using  the  kenotron.   A  number 
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of  multipliers  of  the  regular  type  supplied  by  the  voltmeter 
manufacturers  for  increasing  the  range  of  their  laboratory  volt- 
meters were  available.  Their  total  resistance,  however,  was 
only  707,630  ohms.  To  obtain  the  remainder,  six  units  were 
made  up  in  this  laboratory  according  to  specifications  of  the 
Bureau  of  Standards.  Each  unit  consisted  of  forty  mica  cards 
wound  with  manganin  wire.  The  resistance  of  each  card  was 
approximately  6000  ohms.  They  were  mounted  on  horizontal 
glass  rods,  which  in  turn  were  supported  by  hard  rubber  up- 
rights, and  the  whole  mounted  on  a  hardwood  base.  The  cur- 
rent capacity  was  0.022  amperes.  The  resistance  of  each  unit 
was  measured  with  a  standard  bridge  and  also  by  placing  it  in 
series  with  a  standard  Weston  voltmeter  of  known  resistance 
across  mains  of  known  potential. 

The  diagram  of  connections  for  the  second  method  using  a 
kenotron  is  shown  in  Fig.  3.    G  the  high-frequency  generator 


Fig.  3 — Connections  for  Experiments  With  the  Kenotron 

supplies,  through  the  grounded  transformer  T  the  kenotron  K 
with  high  voltage.  The  condensers  C\  and  C%  and  the  inductance 
Li  are  introduced  to  smooth  out  the  voltage  which  is  rectified  in 
pulsating  form  by  the  kenotron.  M  and  V%  are  the  multiplier 
and  voltmeter,  as  used  in  the  first  method  and  C  T  is  the  corona 
tube,  with  the  electroscope  E  and  the  galvanometer  G'  as  before. 
L\  is  an  inductance,  V\  a  hot  wire  voltmeter,  and  A\  a  hot  band 
ammeter.  Voltage  control  was  obtained  by  varying  the  field 
circuit  of  the  generator  by  means  of  the  resistance  R\. 

The  high-frequency  generator  was  a  direct-driven  unit  con- 
sisting of  a  generator  with  a  double  field  structure,  one  of  48 
poles,  the  other  of  240,  and  a  3-h.p.,  240- volt  direct-current, 
shunt-wound  motor.  The  armature  of  the  alternator  was 
stationary  and  provided  with  a  distributed  winding.  The  rated 
full  speed  was  1500  rev.  per  min.  at  which  one  generator  gave 
600  cycles  and  the  other  3000.  The  generators  were  rated  at  4.4 
amperes  and  110  volts. 
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Speed  or  frequency  control  was  obtained  by  armature  and 
field  resistance  in  the  motor  circuit,  the  use  of  the  former  being 
practically  limited  to  starting.  The  driving  motor  and  the 
generator  field  were  both  supplied  from  a  storage  battery  which 
made  conditions  very  favorable  for  steadiness  in  readings. 

The  kenotron  used  in  the  present  investigation  was  designed 
for  a  maximum  voltage  of  40,000.  It  consisted  of  a  highly  evac- 
uated glass  bulb  containing  a  cylindrical  anode  along  whose 
axis  was  stretched  a  10-mil  tungsten  filament,  which  acted  as  the 
hot  cathode.  The  cylindrical  anode  was  of  small  diameter  in 
order  to  bring  the  anode  and  cathode  very  close  together  to 
reduce  the  space  charge  effect  and  thereby  increase  the  current 
carrying  capacity  of  the  rectifier.  One  terminal  was  of  the 
.ordinary  incandescent  lamp  type  and  served  to  supply  energy  to 
the  cathode,  acting  at  the  same  time  as  one  terminal  for  the 
high  voltage.  The  other  end  of  the  tube  was  sealed  off  with  a 
metal  cap  and  ring,  which  served  as  the  other  high-voltage- 
terminal.  The  theory  and  performance  of  the  kenotron  have 
been  completely  described  by  Dushman6  and  others. 

For  heating  the  tungsten  filament,  a  12- volt  storage  battery 
B  Pig.  3  was  used.  A  resistance  R*t  a  15-ampere  ammeter  At 
and  a  knife  switch  52  were  connected  in  series  with  the  battery 
to  provide  control  of  the  filament  current  and  indirectly  the 
electron  emission.  Table  I  gives  the  electron  emission  and  the 
voltage  drop  in  the  kenotron  for  various  filament  currents.  A 
filament  current  of  6.1  amperes  was  used  throughout  this  work. 


TABLE  I— CHARACTERISTICS  OF  THE  KENOTRON 


Pilament  current 

Electron  emission 

Minimum  voltage 
drop 

5  0 

9.5 

5.2 

16.0 

86 

5.4 

27.0 

122 

5  6 

40.0 

158 

58 

57.0 

200 

6  0 

82.0 

250 

6  1 

100.0 

280 

The  capacity  d  (Fig.  3),  was  made  up  of  six  units  connected 
two  in  series,  three  in  parallel.  Each  unit  was  insulated  for 
10,000  volts  and  had  a  capacity  of  0.01  microfarad.    The  con- 
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denser  plates  were  immersed  in  oil.  Spark  gaps  set  for  10,000 
volts  were  placed  across  the  terminals  of  each  unit  to  prevent 
breakdown  of  the  insulation  resulting  from  possible  unequal 
distribution  of  potential.  The  capacity  was  made  up  of  four 
similar  units  connected  two  in  series,  two  in  parallel  together 
with  the  Moscicki  condensers  used  in  connection  with  the  first 
method.  The  inductance  Li,  consisted  of  two  air  coils  of  360 
turns  of  No.  10  B.  &  S.  wire.  The  coils  were  in  parallel  but 
magnetically  separated  from  each  other.  At  600  cycles  they 
had  an  impedance  of  9  ohms  each.  The  high-tension  winding  of 
a5-kw.,  6600/1 10-volt,  60-cycle  power  transformer  served  for 
L2.  The  function  of  these  inductances  is  explained  in  connection 
with  the  experiments. 

III.  Preliminary  Experiments 
The  approximate  sizes  of  wire  on  which  corona  would  appear 
for  both  alternating  and  continuous  voltages  with  tubes  of  a 
given  diameter  were  calculated  from  the  results  of  foregoing 
researches.  Two  tubes  were  used,  with  inside  diameters  of 
6.109  and  4.855  cm.,  respectively.  Six  sizes  of  wire  were  used, 
with  diameters  of  0.074,  0.090,  0.125,  0.166  and  0.231  cm.  All 
were  of  brass  except  the  largest,  which  was  of  steel.  The  wires 
were  always  carefully  polished  with  crocus  cloth  and  chamois 
before  introducing  them  into  the  tube. 

The  first  tests  made  were  with  the  high-voltage  generator  as 
a  source  of  potential.  A  number  of  runs  were  made  on  the 
same  tube  and  wire  and  the  voltage  at  which  corona  appeared, 
as  determined  by  visual  methods  and  temperature  and  atmos- 
pheric pressure,  were  recorded.  An  interesting  source  of  error 
was  developed  at  this  point.  It  was  found  that  successive  runs 
under  the  same  conditions  gave  values  of  corona  voltage  dif- 
fering by  several  per  cent.  The  trouble  was  traced  by  means  of 
oscillograms  to  periodic  fluctuations  in  the  continuous  voltage 
(see  Fig.  6)  of  high  frequencies  which  could  not  be  associated 
with  any  feature  of  the  rotating  element. 

In  an  effort  to  smooth  out  the  inequalities  of  voltage,  two 
Moscicki  condensers  (0.004  microfarad)  were  connected  in 
parallel  with  the  generator.  The  oscillograms  shown  in  Fig.  6 
show  that  the  voltage  fluctuation  was  increased  under  these 
conditions.  Sixteen  Moscicki  units  (0.032  microfarad)  were 
then  used  and  the  oscillogram,  Fig.  7,  shows  that  the  voltage 
was  then  practically  constant.    The  frequency  of  the  oscilla- 
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tions,  when  the  two  units  were  used,  was  obtained  by  superim- 
posing a  wave  of  known  frequency,  not  shown  in  Figs.  6  and  7. 
The  frequencies  as  measured  in  this  way  are  for  the  fundamental, 
359.5  cycles  per  second,  and  for  the  superposed,  12.3  cycles  per 
second.  An  effort  was  made  to  connect  these  frequencies  with 
periodic  recurrencies  due  to  the  speed  of  the  motor,  the  genera- 
tors, the  belt,  the  number  of  commutator  segments,  etc.,  but 
without  success.  The  fluctuation  disappeared  with  increased 
capacity  in  parallel  and  is  probably  due  to  a  resonance 
condition  between  the  inductance  of  the  armatures  and  the 
capacity  of  the  circuit.  The  slow  superimposed  fluctuation 
could  not  be  definitely  traced.  Further  investigation  of  this 
interesting  phenomenon  had  to  be  postponed. 

A  determination  of  £  as  a  function  of  the  capacity  in  parallel 
with  the  generator  showed  that  above  0.016  microfarad  the  value 
of  E  was  constant.  The  results  are  given  in  Table  II  and  are 
plotted  in  the  form  of  a  curve  in  Fig.  8.  A  capacity  of  0.032 
microfarad  was  used,  twice  as  much  as  actually  required. 

TABLE  II — APPARENT    LOWERING  OP  THE  CRITICAL  SURPACE  INTEN- 
SITY DUE  TO  RESONANCE  IN  THE  GENERATOR  CIRCUIT 


Voltmeter 

Critical 

surface 

No.  of  units 

Capacity  m.f. 

reading 

intensity  E 

1 

0.002 

620 

0 

68 

6 

2 

0.004 

555 

0 

61 

4 

3 

0.006 

622 

5 

68 

0 

4 

0.006 

647 

5 

71 

7 

5 

0.010 

652 

5 

72 

2 

6 

0.012 

662 

5 

73 

3 

7 

0.014 

666 

0 

73 

7 

8 

0.016 

665 

0 

73 

7 

9 

0.018 

665 

0 

73 

7 

10 

0.020 

665 

0 

73 

7 

11 

0.022 

665 

0 

73 

7 

12 

0.024 

665 

0 

73 

7 

13 

0.026 

665 

0 

73 

7 

14 

0  028 

665 

0 

73 

7 

15 

0.030 

665 

0 

73 

7 

16 

0.032 

665 

0 

73 

7 

It  must  be  noted  that  the  percentage  variation  in  voltage  as 
shown  by  the  oscillogram  (Fig.  9)  is  much  greater  than  that 
actually  obtaining  under  test  conditions,  as  the  oscillograph 
requires  a  current  nearly  25  times  as  great  as  that  taken  by  the 
voltmeter  and  corona  tube,  and  the  fluctuation  varies  directly 
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with  the  current  taken  from  the  condensers.  Under  test  con- 
ditions therefore — voltmeter  and  tube  connected — the  voltage 
variation  ns  only  a  very  small  fraction  of  one  per  cent. 

The  maximum  voltage  obtainable  from  the  high-voltage 
generator  was  15,000  volts  so  the  kenotron  was  used  for  higher 
values.  It  was  soon  found  that  the  transformer  used  imposed  a 
serious  limitation  on  the  value  of  the  continuous  voltage  obtain- 
able by  this  means.  At  600  cycles  the  high-tension  windings  of 
the  transformer  took  a  primary  charging  current  of  20  to  25 
amperes  and  as  the  full  load  current  of  the  600-cycle  generator 
was  only  4.4  amperes,  the  speed  and  consequently  the  frequency 
rapidly  dropped  on  connecting  the  transformer.  Although  the 
internal  reactance  of  the  generator  was  considerable,  the  capacity 
of  the  high-tension  windings  of  the  transformer  was  more  than 
sufficient  to  overbalance  it.    Additional  reactance  connected 
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Fig.  8 — Apparent  Lowering  of  Critical  Surface  Intensity  Due 
to  Resonance  in  the  Generator  Circuit 


across  the  primary  of  the  transformer  was  the  obvious  way  of 
reducing  this  current.  A  number  of  air  coils  of  low  resistance 
were  tried  and  after  a  number  of  trials  the  two  coils  as  described 
in  an  earlier  paragraph  were  selected,  as  they  reduced  the 
charging  current  to  about  five  amperes  and  gave  a  maximum 
value  of  continuous  voltage  of  about  26,500  volts. 

The  next  step  in  the  development  of  the  kenotron  method  was 
to  introduce  parallel  capacity  in  the  direct-current  side  of  the 
kenotron  to  smooth  out  the  voltage  by  supplying  energy  to  the 
load  during  the  part  of  each  cycle  when  the  kenotron  delivers  no 
current.  When  operated  alone  i.e.,  without  condensers  the  rec- 
tifiers gave  a  continuous  voltage  which  fluctuated  between  zero 
and  a  maximum  with  the  frequency  of  the  impressed  e.m.f.,  600 
cycles.  Four  10,000-volt  condensers  in  series  (0.0025  microfarad, 
were  connected  between  the  direct-current  side  of  the  kenotron 
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and  ground.  The  oscillogram,  Fig.  10,  shows  the  character  of 
the  continuous  current  voltage  with  the  above  capacity.  Nine 
condensers,  connected  three  in  parallel,  three  in  series,  (0.01 
microfarad)  were  next  tried.  The  oscillogram,  Fig.  1 1 ,  shows  the 
decided  improvement.  The  attempt  to  produce  further  im- 
provement in  the  voltage  by  this  means  was  abandoned  as  it  was 
evident  that  a  far  larger  amount  of  capacity  than  was  available 
would  be  required  to  obtain  a  voltage  varying  less  than  one  per 
cent. 

As  the  impedance  of  the  load  (the  voltmeter  and  corona 
tube)  was  high,  the  current  which  flowed  was  very  small. 
Under  these  conditions  a  moderate  amount  of  series  induc- 
tance (50  or  100  henrys)  in  conjunction  with  capacity  offered 
a  probable  means  of  further  improvement  if  connected  in 
the  manner  shown  in  Fig.  3,  where  the  capacity  is  divided 
into  two  portions.  The  voltage  fluctuation  at  the  terminals 
of  C\  is  an  irregular  shaped  wave  which  consists  of  a  funda- 
mental with  a  frequency  of  600  cycles  per  second  and  a  number 
of  higher  harmonics.  The  inductance  L%  and  the  capacity  Ct 
offer  a  definite  value  of  impedance  to  each  of  these  higher  fre- 
quencies. The  higher  the  frequency  the  greater  the  impedance 
offered  by  the  inductance  L2  or  in  other  words  the  voltage  wave 
is  smoothed  out  by  removing  the  higher  harmonics.  The  cur- 
rent drawn  by  the  condenser  C*  over  the  inductance  L%  stores  up 
electromagnetic  energy  in  the  latter.  When  the  voltage  of  the 
condenser  starts  to  fall,  due  to  the  current  drawn  from  it  by  the 
load,  the  energy  stored  up  in  the  inductance  is  delivered  to  the 
circuit  and  tends  to  maintain  the  voltage  at  the  terminals  of  C% 
constant. 

A  number  of  inductances  were  tried  in  the  position  L%  and  the 
sound  in  a  telephone  used  as  a  measure  of  the  degree  of  voltage 
fluctuation.  The  intensity  of  sound  in  the  telephone  is  propor- 
tional to  the  amplitude  of  the  voltage  fluctuation.  The  minimum 
sound  in  the  telephone  was  obtained  from  one  half  of  the  high- 
tension  winding  of  a  5-kw.,  6600/110-volt  power  transformer. 
This  final  arrangement  was  used  throughout  the  tests. 

It  is  possible  to  calculate  the  voltage  fluctuation  under  test 
conditions,  if  it  is  assumed  that  is  directly  proportional  to  the 
current.  Referring  to  Fig.  3,  the  values  were  as  follows,  when 
the  oscillograph  was  in  circuit: 
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C,  = 


2(0.01) 
2 


+  0.032  =  0.042  microfarad 


C  =  Ci  +  Ct  =  0.015  +  0.042  =  0.057  microfarad 
=  5.7  X 10-*  farads 


d  V  =  voltage  fluctuation  =  13.8  per  cent  =  650  volts. 
(By  measurement  on  the  oscillogram) 

it  =  oscillograph  current  =  0.024  ampere 
(By  measurement) 

it  =  voltmeter  current  =  0.001  ampere 
(By  calculation) 

i  =  total  current  flowing  when  oscillograph  is 
connected. 

=  i\  +  it  =  0.025  ampere 

co  =  2  7T  X  frequency  =  2  TX600  =  1200  t 


Hull7  has  shown  that  the  voltage  fluctuation  (5  V)  at  the  ter- 
minals of  C2  may  be  expressed  by  the  simple  relation 


where  i,  co,  and  C  are  as  given  above  and  L2  is  the  magnitude  of 
the  series  inductance  in  henrys.  If  we  assume  L%  constant, 
{i.e.,  independent  of  the  amount  of  current  due  to  the  low  flux 
density  in  the  iron  of  the  transformer  which  was  used  as  Lj), 
we  can  write 


Let  i  Kfl  =  voltage  fluctuation  when  current  i  is  flowing. 
5  Vb  =  voltage  fluctuation  when  current  ia  is  flowing 


V  =  direct-current  voltage  =  4700 


5  7  =  Ki 


(3) 


Then,  8  Va 


K  i  ;  and,  5  Vb  = 


Ki2. 


(4)  and  (6) 
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(6) 


=  X  13.8^  per  cent  =  0.5  per  cent 

=  percentage  voltage  fluctuation  under  test  conditions,  (i.e., 
voltmeter  and  corona  tube.) 

A  comparison  of  the  different  methods  of  detecting  corona  was 
then  made.    In  the  case  of  the  alternating-current  corona  the 
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Fig.  13 — Visual  Corona  and  Electroscope  Discharge 

 Visual  corona 

 Electroscope  discharge 

Diameter  tube  =  6.109  cm. 

Diameter  wires  -  0.107 — 0.166 — 0.231  cm. 

visual  and  electroscope  methods  were  compared.  The  curves 
(Fig.  13)  show  how  closely  the  two  methods  agree,  when  the 
bend  in  the  electroscope  curve  is  taken  as  the  point  at  which 
corona  begins.  In  the  case  of  the  direct-current  corona  an  ad- 
ditional method  was  available,  i.e.,  a  galvanometer  connected 
between  the  tube  and  ground  as  used  by  Farwell  and  Mackenzie8. 
A  ballistic  galvanometer  with  a  sensitivity  of  10-6  amperes  per 
mm.  scale  division  when  the  scale  was  placed  one  meter  from  the 
mirror,  was  used.  Below  corona  voltage  if  the  wire  was  clean, 
the  galvanometer  stood  practically  on  zero.  With  the  appearance 
of  corona,  the  galvanometer  took  a  large  deflection  (5  to  10  cm.) 
and  any  further  increase  in  voltage  threw  the  light  spot  off  the 
scale. 
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The  condition  of  the  surface  of  the  wire  when  fairly  clean  had 
but  little  effect  on  the  value  of  the  critical  surface  intensity  in 
the  case  of  the  wire  at  positive  or  alternating-current  potentials, 
but  with  the  wire  negative  the  slightest  surface  imperfection  or 
particle  of  dust  caused  a  lowering  of  the  value  of  E.  The  ob- 
servations on  negative  corona  were  extremely  difficult  on  this 
account.  On  raising  the  voltage  the  slightest  amount  above 
that  necessary  to  form  corona,  the  blue  glow  changed  to  a 
purple  point  discharge  and  on  lowering  the  voltage,  corona  held 
on  to  a  value  of  voltage  far  below  that  required  to  start  corona. 
The  wire  had  to  be  removed  and  carefully  polished  again  before 
another  observation  could  be  made.  With  precautions  against 
the  above  increase  of  voltage  beyond  corona  value  it  was  pos- 
sible to  repeat  the  observations  on  the  negative  corona  as  often 
as  desired. 

Final  Methods  of  Taking  Observations.  The  wire  was  carefully 
polished,  placed'  in  the  tube,  accurately  centered  and  connected 
to  the  voltage  supply.  In  the  alternating-current  case  the  vol- 
tage was  slowly  raised  by  increasing  the  generator  field  current 
until  the  electroscope  began  to  discharge.  Readings  were  taken 
of  the  rate  of  leak  of  the  electroscope  corresponding  to  each 
increment  of  the  voltage,  until  the  rate  of  discharge  became 
practically  infinite.  The  field  current  was  then  decreased  until 
the  leak  of  the  electroscope  ceased  and  then  increased  again 
until  visual  corona  appeared.  The  voltage  was  read  at  this 
instant  on  the  primary  voltmeter  and  recorded  as  primary  volts. 
The  temperature  and  pressure  were  also  recorded.  The  peak 
factor  of  alternating  voltage  waves  was  determined  by  means  of 
oscillograms.  A  large  number  were  taken  and  from  these  the 
values  of  1.46  at  40  volts,  1.46  at  50  volts  and  1.46  at  60  volts 
were  determined  by  measurement.  In  order  to  give  an  idea  of 
the  conditions  of  accuracy  in  making  these  measurements,  the 
figures  in  Table  III  are  given  for  one  half  of  the  wave  of  the 
oscillogram  corresponding  to  60  volts.  The  curve  was  carefully 
traced  on  co-ordinate  paper  and  26  ordinates,  1/20  of  an  inch 
(1.27  mm.)  apart  were  read  off;  the  height  of  each  ordinate 
could  be  read  to  1/50  of  an  inch  (0.508  mm!)'  The  maximum 
ordinate  was  1.43  inches  (37.08  mm.)  high  and  the  r.m.s  of  all 
the  ordinates  was  0.977,  which  gives  a  ratio  of  maximum  to 
effective  of  1.464.  Similar  measurements  on  the  other  oscillo- 
grams gave  the  values  as  stated  above.  The  average  of  these 
three  (1.46)  was  taken  as  the  ratio  of  maximum  to  effective  value 
over  the  range  40-60  primary  volts. 
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TABLE  III— OSCILLOGRAM  OP  THB  VOLTAGE  ACROSS  THE  LOW-TENSION 
TERMINALS  OP  THE  TRANSFORMERS  AT  60  VOLTS 


Ordinate  No. 

Length 

(Length) 

1 

0 

0 

2 

2.5 

6.25 

3 

5.0 

25.00 

4 

7.0 

40.00 

5 

11.5 

132.25 

6 

15.3 

234.09 

7 

17.8 

316.84 

8 

20.3 

412.09 

0 

22.3 

497.29 

10 

24.2 

585.64 

11 

25.0 

625.00 

12 

26.0 

676.00 

13 

27.0 

729.00 

14 

28.0 

784.00 

15 

28.6 

817.96 

16 

too  nn 

17 

25.2 

635.04 

18 

23.5 

552.25 

19 

22.7 

515.29 

20 

21.0 

441.00 

21 

17.8 

316.84 

22 

15.0 

225.00 

23 

12.0 

144.00 

24 

8.8 

77.44 

25 

5.2 

27.04 

26 

0.0 

0.00 

The  oscillograms  taken  at  40  and  60  volts  respectively  are  given 
in  Pig.  14  and  15. 

In  the  direct-current  experiments  the  procedure  was  much  the 
same,  the  high-tension  voltage  however  being  read  directly  on 
the  voltmeter  in  series  with  the  multiplier,  no  peak  factor  de- 
termination being  necessary.  In  the  case  of  the  negative  corona 
the  electroscope  curve  could  not  be  obtained  due  to  the  disad- 
vantage of  raising  the  voltage  above  corona  as  noted  above  and 
finally,  the  galvanometer  method  of  detecting  the  corona  was 
used. 

Accuracy  of  Observations.  The  accuracy  of  observation  in  the 
case  of  the  alternating-current  corona  was  limited  only  by  the 
accuracy  of  reading  the  voltmeter,  as  the  observations  could 
be  repeated  again  and  again  from  day  to  day  when  correction 
was  made  for  temperature  and  pressure,  and  the  other  factors 
entering  into  the  determination  of  the  value  of  E  could  be  deter- 
mined to  a  small  fraction  of  1  per  cent.  The  voltmeter  could  be 
read  to  1/5  of  a  division  at  60  volts  or  about  1/3  per  cent.    It  is 
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recognized,  however,  that  the  accuracy  also  depended  upon  the 
measurements  of  peak  factor  on  the  oscillograms.  The  method 
of  measuring  these  has  already  been  outlined  and  as  the  value  of 
the  peak  factor  varied  only  0.07  per  cent  over  the  range  of  volt- 
age used,  it  is  felt  that  the  measurement  of  voltage  is  the 
limiting  factor,  as  stated  above.  The  accuracy  in  the  continuous 
current  case  was  also  limited  by  the  voltmeter  reading  and  was 
about  1/3  per  cent  also. 

IV.  Final  Experiments 
Relation  Between  Critical  Surface  Intensity  and  Diameter  of  the 
Wire  for  Alternating  Voltage,  In  Table  IV  are  given  the  results 
of  observations  on  six  sizes  of  wire  in  a  tube  6.109  cm.  in  diameter. 
The  first  column  gives  the  wire  diameter  in  centimeters,  the 
second  column  the  "density  factor"  8,  as  obtained  from  Peek's 
relation 

_  3.92  p  m 
8  '  273  +1  (7) 

and  the  third  column  the  primary  volts.  V  the  critical  voltage 
(maximum)  is  obtained  by  multiplying  the  primary  voltage  by 
the  ratio  of  transformation  and  the  peak  factor.    The  relation 

V 

E  =    i   \,  (8) 
a  log,  ol a 

was  used  in  calculating  the  critical  surface  intensity  E. 

Relation  Between  Critical  Surface  Intensity  and  Diameter  of  the 
Wire  for  Positive  and  Negative  Continuous  Voltage.  In  Table  V 
are  given  the  results  of  observations  on  the  same  wires  for 
positive  corona  and  in  Table  VI  for  negative  corona.  The  first 
column  is  again  the  wire  diameter,  the  second  column  the  density 
factor  calculated  from  the  observed  temperature  and  pressure 
and  the  third  column  the  voltmeter  reading.  The  critical  volt- 
age V  is  obtained  by  multiplying  the  voltmeter  reading  by  the 
multiplying  factor.    The  last  column  is  obtained  as  before. 

The  small  number  of  observations  on  the  negative  corona  is 
due  to  the  great  difficulty  experienced  in  obtaining  them  as 
mentioned  before.  As  many  as  ten  trials  with  their  attendant 
polishing,  centering,  etc.,  were  often  required  to  obtain  a  stable 
corona.  The  galvanometer  in  the  grounded  circuit  proved  a 
great  help  as  the  galvanometer  only  remained  on  zero  up  to 
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corona  forming  voltage  when  the  wire  was  absolutely  clean  and 
if  at  no  time  during  the  ru,n  the  voltage  had  been  raised  above 
that  required  to  form  corona  on  the  given  wire. 

Determination  of  the  Constants  A  and  B  of  Formula  (1).  As 
stated  in  the  introduction  the  formula  connecting  E  (the  critical 
surface  intensity)  with  the  diameter  of  the  wire  is  of  the  form 

e^as  +  bV^-  (1) 

a 


TABLE  IV— ALTERNATING  CURRENT 


f^ri  t    vril  to  cm 

(Trit  surface  \n- 

A^Uftlll*    W1IC  Will* 

J 

Pfi  m  o  rv  vol 
*  11  III  Hi  jr  YUlba 

0.074 

1.005 

35.8 

13,120 

80.6 

1.005 

35.8 

13,120 

80.6 

1.005 

35.8 

13.120 

80.6 

0.090 

1.005 

39.65 

14.530 

77.1 

1.005 

39.65 

14.530 

77.1 

1.005 

39.65 

14,530 

77.1 

0.107 

1.005 

42.85 

15,700 

72.6 

1.005 

43.05 

15,780 

73.0 

1.005 

43.20 

15.830 

73.2 

0  125 

1.005 

45.6 

16,700 

68.8 

1.005 

45.65 

16.720 

68.9 

1.005 

45.7 

16.750 

69.0 

0.166 

1.005 

53.5 

19,610 

65.6 

1.005 

53.5 

19.610 

65.6 

1.005 

53.5 

19,610 

65.6 

0.231 

1.005 

61.4 

22.500 

59.6 

1.005 

61.4 

22.500 

59.6 

1.005 

61.4 

22.500 

59.6 

0.231 

1.000 

64.2 

23.520 

59.7 

1.000 

64.2 

23.520 

59.7 

1.000 

64.2 

23.520 

59.7 

where,  E  =  critical  surface  intensity  in  kilovolts  per  centimeter. 

8  =  Density  factor. 
A  and  B  =  Constants. 

To  determine  these  constants  from  the  observed  results  the 
method  of  least  squares  was  used.  The  calculation  as  applied  to 
the  positive  corona  is  given  in  full  in  Table  VII.    Attention  is 
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TABLE  V— POSITIVE  CORONA 


Diam.  wire 

Density 

Critical  vol- 

Crit. surf. 

cm. 

factor  1 

D-C.  volts 

Mul.  fac. 

tage  (V) 

intensity  (£) 

0.074 

1 .02 

228.0 

52. 16 

11,897 

77.0 

1 . 02 

227. 5 

52. 18 

11,871 

76.9 

1.02 

228.0 

52.18 

11.897 

77.0 

1.00 

558.0 

19.83 

11.660 

75.5 

1 .00 

587.5 

19.83 

11,650 

75.4 

1 .00 

587.5 

19.83 

11,650 

75.4 

1 .022 

227.5 

52. 18 

11,871 

77.1 

1.022 

227.5 

52. 18 

11,871 

77. 1 

1 .022 

227.5 

52. 18 

11,871 

77. 1 

1.036 

442.5 

28.36 

12,549 

77. 1 

1.036 

443.0 

28.36 

12,560 

77.2 

1.035 

443.0 

28.36 

12,560 

77.2 

ft  ftftft 

U.UVU 

i  fti 

1 .  Ul 

657. 5 

19.83 

13,038 

72.8 

i  fti 

1  .Ul 

657.5 

19.83 

13,038 

72.8 

1 .01 

657.5 

19.83 

13,038 

72.8 

1.02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13,187 

73.6 

1 .02 

665.0 

19.83 

13,187 

73.6 

1 .007 

637.5 

19.83 

13,038 

72.8 

1 .007 

367. 5 

19.83 

13,038 

72.8 

1 .007 

637.5 

19.83 

13,038 

72.8 

1 . 02 

665.0 

19.83 

13,187 

73.6 

1 .02 

665.0 

19.83 

13,187 

73.6 

1.02 

665.0 

19.83 

13.187 

73.6 

1.005 

657.5 

19.83 

13.038 

72.8 

1 . 005 

657. 5 

19.83 

13,038 

72.8 

1 .005 

657. 5 

19.83 

13,038 

72.8 

0.098 

654.0 

19.83 

12,969 

71 .4 

0.098 

654.0 

19.83 

12,969 

71 .4 

0.998 

654.0 

19.83 

12,969 

71 .4 

1.025 

253.0 

52.18 

13.200 

73.7* 

1.025 

253.0 

52.18 

13,200 

73.7 

1.025 

253 . 0 

52. 18 

13.200 

73.7 

0.107 

1.022 

275.0 

52.18 

14.350 

69.2 

1.022 

275.0 

52.18 

14.350 

69.2 

1.022 

275.0 

52. 18 

14,350 

69.2 

1 .035 

533.0 

28.36 

15,116 

69.9 

1.053 

532.5 

28.36 

15.102 

09.8 

1.035 

533.0 

28.36 

15.116 

69.9 

0. 125 

1.008 

292.5 

52. 18 

15,263 

66.8 

1008 

292.5 

52.18 

15.263 

66.8 

1.008 

292.5 

52. 18 

15,263 

66.8 

0.166 

1.003 

357.5 

52.18 

18.654 

62.4 

1.003 

357.5 

52.18 

18,654 

62.4 

1.003 

357.5 

52.18 

18,654 

62.4 

0  231 

1.02 

422.6 

52.18 

22,046 

58.4 

1.02 

422.5 

52.18 

22.046 

58.4 

1.02 

422.5 

52.18 

22,046 

58.4 
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called  to  the  excellent  agreement  in  the  observed  results  and 
those  calculated  by  the  formula.  The  observed  values  are  given 
in  the  ninth  column  of  Table  VII,  the  calculated  values  in  next 
to  the  last  column  and  the  percentage  error  referred  to  the  ob- 
served values  in  the  last  column.  This  error  is  less  than  1  per 
cent  with  the  exception  of  the  wire  of  radius  0.0535  cms. 

Similar  calculations  were  made  for  the  alternating  voltage  and 


TABLE  VI— NEGATIVE  CORONA 


Diam.  wire 

Density 

Critical  vol- 

Crit. surf. 

cm. 

factor  8 

D-C. 

volts 

Mul.  fac. 

tage  (V) 

intensity  (£) 

0.074 

1 

003 

462 

5 

28 

36 

13.117 

80.6 

1 

003 

462 

5 

28 

36 

13,117 

80.6 

1 

003 

462 

5 

28 

36 

13,117 

80.6 

0.090 

1 

03 

617 

0 

28 

36 

14.662 

77.8 

1 

03 

617 

6 

28 

36 

14.676 

77.9 

1 

03 

617 

0 

28 

36  * 

14.662 

77.8 

0 

9907 

603 

0 

28 

36 

14.266 

75.6 

0 

9907 

602 

6 

28 

36 

14.230 

75.6 

0 

9907 

603 

0 

28 

36 

14.265 

75.6 

0.107 

1 

003 

660 

0 

28 

36 

15,880 

73.5 

1 

003 

660 

0 

28 

36 

15.880 

73.5 

1 

003 

560 

0 

28 

36 

15.880 

73.5 

1.126 

0 

992 

687 

0 

28 

36 

16.657 

68.6 

0 

992 

5*7 

0 

28 

36 

16,657 

68.6 

0 

992 

687 

0 

28 

36 

16,657 

68.6 

0.166 

1 

003 

667 

6 

28 

36 

19,214 

64.3 

1 

003 

667 

5 

28 

36 

19.214 

64.3 

1 

003 

667 

5 

28 

36 

19,214 

64.3 

0.231 

1 

001 

431 

0 

62 

18 

22,440 

59.3 

1 

001 

431 

0 

62 

18 

22,440 

59.3 

1 

001 

431 

0 

62 

18 

22.440 

59.3 

the  negative  continuous  voltage  and  the  following  constants 
were  found. 

Positive  Corona 
A  =  33.7  B  =  11.5 

Negative  Corona 
A  =  31.02  B  =  13.5 


Alternating-Current  Corona 
A  =  33.7  B  =  12.6 
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TABLE  VII— CALCULATION  OF  CONSTANTS  A  AND  B  USING  METHOD  OF 
LEAST  SQUARES.    POSITIVE  CORONA 


r 

t 

r 

v  r 

4 

r 

0.037 
0.045 

ft  ARQR 
U. UOoO 

0.0625 

0.083 

0.1155 

1.02 
1.025 

1.008 
1.003 
1.02 

1.0404 
1.0506 

1.0161 
1.0060 
1.0404 

1.061 
1.076 

1  AAA 

1.025 

1.01 

1.061 

28.68 
23.9 

16.4 
12.16 
9.19 

5.375 
4.885 

4.05 
8.85 
3.03 

27.77 
22.7 
19  14 
16.12 
12.07 
8.82 

2 

6.198 

25.235 

106.62 

r 

E  obs. 

*E 

—  is 
T  r 

E  Calc. 

Error  % 
per  cent 

0.037 

0.045 

0.0535 

0.0625 

0.083 

0.1155 

77.0 
73.7 
69.2 
66.8 
62.4 
58.4 

78.54 
75.54* 
70.72 
67.33 
62.59 
59.56 

5.27 

4.765 

4.375 

4.015 

3.475 

2.97 

405.79 

351.18 

302.75 

268.2 

216.84 

173.45 

77.1 
73.4 
70.0 
66.7 
62.1 
58.5 

-0.13 
+  0.41 
-  1.1 
+  0.14 
+  0.48 
-0.17 

2 

414.28 

24.87 

1718.21 

Resultant  values  A  -437.7,  B  -11.5. 


The  values  of  E  for  the  six  sizes  of  wire  calculated  from  the 
formula, 

using  the  above  constants  are  given  in  Tables  VIII  and  IX  and 
plotted  in  Fig.  16. 

TABLE  VIII— ALTERNATING  CURRENT 


Relation  between  Diameter  and  Critical  Surface  Intensity 


Diam.  wire  cm. 

Density  factor  i 

Primary  volts 

Critical  voltage 
(max.)  (V) 

Crit.  surf,  inten- 
sity JS  (lev.)  /cm. 

0  074 

1.005 

35  8 

13,120 

80  0 

0090 

1.005 

39  65 

14,530 

77  1 

0  107 

I  005 

43.  Q 

15,760 

72  » 

0.125 

1.000 

45  7 

16.750 

K 

g,  tec 

1.005 

53  5 

10,610 

0,231 

1.005 

61.4 
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TABLE  IX — CONTINUOUS  CURRENT 
(Positivk) 

relation  bbtwbbn  dlaicbtbr  and  critical  surface  intensity 


Voltmeter 

Critical  vol- 

Crit. surf,  inten- 

Diam. wire  cm. 

Density  factor  1 

reading 

tage  (V) 

sity.  E  (kv.) /cm. 

0.074 

1.02 

228.0 

11,807 

77.0 

0.000 

1.025 

253.0 

13.200 

73.7 

0.107 

1.022 

275.0 

14,350 

69.2 

0.125 

1.008 

202.5 

15.263 

66.8 

0.166 

1.003 

357.5 

18.654 

62.4 

0.231 

1.02 

422.5 

22.044 

58.4 

(Negative) 

Voltmeter 

Critical  vol- 

Crit. surf,  inten- 

Diam. wire  cm. 

Density  factor  I 

reading 

tage  (V) 

sity  E  (kv.)  /cm. 

0.074 

1.003 

462.5 

13.117 

80.6 

0.000 

1.03 

517.0 

14.662 

77.8 

0.107 

1.003 

560.0 

15.880 

73.5 

0.126 

0.902 

587.0 

16.657 

68.6 

0.166 

1.003 

677.5 

10.214 

64.3 

0.231 

1 

1.001 

431.0 

22.490 

59.3 

In  Table  X  is  given  a  comparison  of  the  results  of  observations 
on  positive,  negative  and  alternating-current  corona  with  the 
results  of  the  more  important  earlier  researches.    The  formula, 


Fig.  16 — Corona  Voltages  for  Round  Conductors 

was  used  in  all  cases  and  the  values  of  the  constants  A  and  B 
(as  taken  from  the  accounts  of  the  different  investigations  and 
given  in  Table  XI),  substituted  in  order  to  obtain  the  values  of 
E  given  in  Table  X. 


190 


WHITEHEAD  AND  BROWN: 


[Feb.  15 


The  values  of  Table  X  for  the  alternating-current  case  are 
plotted  in  Fig.  17,  those  for  the  continuous  current  case  (positive 
and  negative)  in  Fig.  18. 


TABLE  X— COMPARISON  OP  RESULTS 
Critical  Surface  Intensity:  Kilovolts  Pbr  Centimeter 


Alternating  current 

Continuous  current 

Diam. 

White- 

White- 

White- 

wire 

White- 

head ft 

head  ft 

Parwell 

head  ft 

Farwell 

cm. 

head 

Peek 

Brown 

Brown 

+ 

Brown 

+ 

0.074 

81.2 

80.7 

80.3 

76.0 

75.7 

80.8 

76.9 

0.090 

76.6 

76.0 

76.0 

71.9 

71.6 

76.1 

72.0 

0.107 

72.9 

72.3 

72.5 

68.9 

68.3 

72.4 

69.8 

0.125 

69.9 

69.2 

69.6 

66.2 

65.5 

69.3 

67.2 

0.166 

64.8 

64.1 

64.8 

61.9 

61.1 

64.2 

62.9 

0.231 

59.9 

59.1 

60.1 

57.6 

56.6 

59.1 

58.7 

Discussion 

The  fact  that  positive  corona  appears  at  a  lower  voltage  than 
negative  for  the  same  size  wire  is  in  accord  with  the  theory  of 
secondary  ionization  if  we  assume  that  the  negative  ion  is  the 
principal  ionizing  agent.    This  is  practically  certain  owing  to 
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Fig.  17 — Corona  Voltages  for  Round  Conductors 


its  energy  of  motion  being  greater  than  that  of  the  positive  ion 
under  a  given  voltage  gradient.  If  a  difference  of  potential  be 
applied  between  a  wire  and  concentric  cylinder  the  negative  ions 
or  electrons  present  in  the  air  will  move  under  the  influence  of  the 
electric  field.  In  so  doing  they  will  collide  with  the  molecules 
of  the  air  and  they  may  or  may  not  produce  other  ions,  depend- 
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ing  upon  their  velocity.  Now  suppose  the  wire  is  positive.  In 
this  case  the  electrons  will  move  inwards  (toward  the  wire)  and 
in  so  doing  will  move  in  the  direction  in  which  the  intensity  of 
the  field  is  increasing.  Thus  new  iofis  Caused  by  collisions  are 
formed  in  stronger  and  stronger  fields  and  there  is  a  consequent 
tendency  to  multiply  to  the  concentration  corresponding  to 
corona  formation.    On  the  other  hand  if  the  wire  is  negative, 


TABLE  XI 


Type  of  voltage 

Name  of 
investigator 

Constants 

A 

B 

a-c. 

Whitehead 

32  . 

13.4 

a-c. 

Peek 

31 

13.5 

d-c. 

Farwell 

31.6 

11.9 

d-c. 

Farwell 

35.0 

11.4 

the  electrons  will  move  outwards  in  the  direction  of  decreasing 
field  intensity.  Only  those  which  start  from  near  the  wire  pass 
through  the  field  of  strong  electric  force  so  that  the  number  of 
ions  produced  by  collisions  is  much  smaller  than  in  the  first  case 
or  a  higher  difference  of  potential  will  be  required  to  produce 
enough  ions  by  collision  to  start  corona. 

There  is  nothing  new  in  the  convergence  of  the  curves  for 


Fig.  18 — Corona  Voltages  for  Round  Conductors 

positive  and  negative  corona.  Schaffers,  Watson,  Mackenzie 
and  Farwell  all  found  evidences  of  this.  As  the  meeting  point 
is  a  function  of  the  pressure  and  the  diameter  of  the  wire  it  is 
hard  to  compare  the  results  of  the  different  investigations  on 
this  basis.  If  the  curves  for  positive  and  negative  corona  be 
extended  they  will  meet  at  a  point  corresponding  to  a  wire  of 
diameter  0.285  cms. 
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Parwell  states  that  the  appearance  of  negative  corona  changes, 
with  increase  of  wire  diameter  and  voltage,  that  the  negative 
corona  started  with  a  bright  spot  or  two  on  small  wires  followed 
by  a  continuous  brush  discharge  as  the  voltage  was  increased  and 
that  for  the  larger  wires  the  brush  discharge  appeared  immedi- 
ately upon  reaching  the  critical  voltage.  In  the  present  experi- 
ments by  careful  polishing  and  by  raising  the  voltage  in  very 
small  steps  it  was  found  possible  to  make  the  negative  corona 
appear  sharply  as  a  continuous  bluish  glow  on  all  the  wires  used. 
If  the  voltage  was  raised  the  smallest  amount  above  that  neces- 
sary to  produce  corona,  the  bluish  glow  collapsed  to  a  purplish, 
point  discharge  and  by  lowering  the  voltage  until  the  discharge 
just  disappeared,  a  value  of  E  was  obtained  in  close  agreement 
with  Farwell.  It  is  believed  that  this  explains  to  some  extent 
the  low  values  obtained  by  Farwell  in  this  case. 

V.  Experiments  Testing  the  Theory  of  Corona 
Formation 

Theory  of  the  Start  of  Corona.  According  to  the  theory  of 
secondary  ionization,  if  .a  difference  of  potential  be  applied  to  a 
tube  and  concentric  wire,  the  free  electrons  present  in  the  air 
between  will  acquire  a  velocity  under  the  electric  field.  The 
velocity  will  depend  on  the  applied  difference  of  potential  and 
the  "mean  free  path"  of  the  electron.  In  order  that  corona  form 
about  the  wire  it  is  necessary  that  the  electron  acquire  a  velocity 
sufficient  to  produce  other  electrons  by  collision  and  that  this 
process  multiply  to  some  state  of  concentration  constituting 
corona.  If  the  possible  free  path  of  the  electron  be  limited  in 
any  way,  a  higher  difference  of  potential  will  be  required  to  give 
the  critical  velocity  to  the  electron  or  to  produce  corona. 

To  test  this  theory  concentric  metal  tubes  with  thin  walls  and 
insulating  supports  were  introduced  between  the  wire  and  the 
corona  tube  proper,  in  order  to  reduce  the  possible  free  path  of 
the  negative  ion  under  the  influence  of  the  electric  field  and  to 
observe  the  effect  of  this  reduction  on  the  value  of  V,  the  maxi- 
mum value  of  the  voltage  required  to  produce  corona.  The 
great  difficulty  in  such  experiments  is  to  determine  when  corona 
starts  when  the  secondary  tube  is  in  place.  On  applying  con- 
tinuous voltage  to  the  wire  it  was  found  that  the  voltage  could 
be  carried  far  above  that  required  to  start  corona  when  the 
auxiliary  tube  was  not  in  place  without  the  slightest  deflection  of 
a  galvanometer  connected  between  the  tube  and  ground  and 
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without  any  indication  of  glow  about  the  wire.  It  was  at  first 
thought  that  this  could  be  explained  on  the  hypothesis  that  the 
intermediate  tube  cut  down  the  number  of  ionizing  electrons 
already  in  motion  in  the  outer  portion  of  the  field  in  accordance 
with  the  indications  of  the  theory.  An  electrostatic  voltmeter/ 
was  then  connected  between  the  inner  tube  and  the  ground  and 
the  voltage  again  applied.  On  removing  the  voltage  from  the 
central  wire  the  intermediate  tube  was  found  to  retain  a  poten- 
tial, as  shown  by  the  electrostatic  voltmeter.  An  electroscope 
carrying  a  charge  of  known  sign  showed  that  the  intermediate 
tube  was  charged  to  a  potential  of  the  same  sign  as  the  wire. 

The  failure  of  the  galvanometer  to  deflect  or  of  corona  to 
appear  was  now  easily  explained ;  the  presence  of  the  high  poten- 
tial of  the  same  sign  on  the  intermediate  tube  lowered  the  po- 
tential gradient  between  the  wire  and  the  outer  tube  and  there- 
fore prevented  the  appearance  of  corona.  That  this  is  the  cor- 
rect explanation  was  shown  by  the  absence  of  charge  on  the  inner 
tube  for  voltages  below  corona.  The  conclusion  therefore  is 
that  the  corona  may  form  at  normal  voltage,  generating  positive 
and  negative  ions.  The  ions  of  the  opposite  sign  are  attracted 
to  the  wire,  those  of  like  sign  are  driven  to  the  intermediate  tube 
where  they  raise  its  potential.  This  elevation  of  potential  con- 
tinues until  it  is  sufficient  to  lower  the  intensity  at  the  surface 
of  the  corona  wire  below  corona  forming  value.  The  whole 
process  is  probably  instantaneous. 

Alternating  current  was  then  applied  to  the  wire  as  it  was 
thought  that  the  inner  tube  would  not  acquire  the  charge  noted 
above.  The  kenotron  was  used  to  rectify  the  current  which 
flowed  from  the  outer  tube  to  the  ground  through  the  galvano- 
meter, which  was  retained  in  these  alternating-current  experi- 
ments by  reason  of  its  value  as  a  detector.  Here  again  trouble 
was  encountered  due  to  a  charge  accumulating  on  the  outer  tube 
which  disturbed  the  potential  gradient  and  made  it  impossible 
to  obtain  corona  even  on  raising  the  voltage  far  above  that  re- 
quired to  start  corona  when  the  outer  tube  alone  was  used  and 
connected  directly  to  ground. 

The  kenotron  is  a  perfect  rectifier  and  allows  current  to  flow 
in  one  direction  only.  During  the  half  cycle  when  the  wire  is 
positive  a  charge  of  the  opposite  sign  is  acquired  by  the  tube 
through  the  kenotron.  During  the  next  half  cycle  the  wire 
becomes  negative,  but  a  positive  charge  does  not  accumulate  on 
the  outer  tube  as  the  kenotron  is  conducting  in  but  one  direction. 
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The  negative  charge  already  there  cannot  return  through  the 
kenotron  for  the  same  reason  and  with  each  successive  half-cycle 
more  and  more  charge  accumulates  until  the  outer  tube  is  con- 
siderably above  ground  potential,  which  lowers  the  effective 
potential  gradient  and  prevents  the  formation  of  corona. 

TABLE  XII 

Influence  of  Concentric  Screening  Tubes  on  Corona  Voltage 
(With  Inner  Tube) 


A-C.  volts 

Shunt  in  ohms 

n  +  n 
ri 

40.0 

11.0 

1 

3.780 

45.0 

10  0 

4.060 

50.0 

9.0 

4  400 

55.0 

8  5 

4.605 

60.0 

7.5 

5.080 

65.0 

7.0 

5.340 

67.5 

6.0 

6.100 

70.0 

5.0 

7.120 

72.5 

3.0 

11  200 

(Without  Inner  Tube) 

A-C.  volts 

Shunt  in  ohms 

ri  +  n 

40.0 

12.0 

3.56 

45.0 

11  0 

3.78 

50.0 

10.0 

4.06 

55.0 

9.3 

4.30 

60.0 

8.7 

4.52 

62.5 

8  3 

4.69 

65.0 

7.6 

5  03 

66  0 

6.5 

5.71 

Galvanometer  Deflection  Constant  -  1  cm. 
Visual  Corona  With  Tube  -  69  . 1 

Visual  Corona  Without  Tube  -  64 . 2 


A  vibration  galvanometer  in  the  ground  connection  was  next 
used  and  after  many  trials  the  results  shown  in  Table  XII  and 
plotted  in  Fig.  19  were  obtained.  The  instrument  used  was  of 
the  soft  iron  magnet  type,  in  which  a  piece  of  soft  iron  is  sus- 
pended by  a  silk  fibre  between  the  poles  of  a  horseshoe  magnet. 
A  coil  carrying  the  alternating  current  to  be  measured  produces 
a  field  perpendicular  to  that  of  the  magnet.    The  temporarily 
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magnetized  piece  of  iron  vibrates  in  synchronism  with  the  al- 
ternating current  and  with  an  amplitude  proportional  to  the 
strength  of  the  current.  The  period  of  the  moving  system  is 
adjusted  to  resonance  by  a  magnetic  shunt  on  the  limbs  of  the 
magnet. 

The  first  column  gives  the  primary  volts.  The  deflection  of 
the  galvanometer  was  held  constant  at  one  centimeter,  by  vary- 
ing a  non-inductive  shunt  across  the  instrument.  The  values  of 
the  shunt  used  are  given  in  the  second  column.  The  total  current 
flowing  from  the  tube  at  any  given  voltage  on  the  wire,  is  given 

^  r.  +  r, 


t  = 


(9) 


VwbW 
Corona 

*  W 
o  W 

tthout  In* 
kh  Inner  1 

rrTttbt 
\tbe 

0         45  5 

U.TERNAT 

Iig-curri 

Fig.  19 — Effect  of  Concentric  Tubes 

Diameter  outer  cube  —  6.98  cm. 
Diameter  inner  tube  =*  2.448  cm. 
Diameter  wire  —  0.231  cm. 


where,  t\  =  resistance  of  the  galvanometer. 
r2  =  resistance  of  the  shunt. 
i\  =  current  through  the  galvanometer. 


As  the  galvanometer  current  was  held  constant,  the  above  equa- 
tion reduces  to 

ri  +  r2 


(10) 


y  j  y 

The  values  of  2  are  entered  in  the  last  column  and  the 


curve  (Fig.  19)  is  plotted  between  fx^~r* ,  which  is  proportional 


to  the  total  current  flowing,  and  the  primary  volts  on  the  trans- 
former. The  values  at  which  visual  corona  appeared  with  and 
without  this  tube,  which  was  2.448  cms.  in  diameter,  are  given 
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in  Table  XIII  and  also  marked  on  the  curve.  Three  other  tubes 
were  inserted  and  observations  made  on  the  visual  corona  with 
and  without  them.    These  values  are  also  entered  in  the  table. 


TABLE  XIII 

Effect  of  Thin  Concentric  Insulated  Tubes  on  Corona  Voltage. 


Diameter  inner  tube  cm. 

Primary  volts 

2.448 
1.829 
1.209 
0.605 
No  tube 
Diameter  outer  tube  6.98  cm. 

68.7 
69.1 

62.0  (Spark  over) 
....  (     "       "  ) 
64.2 

Diameter  wire  0.231  cm. 

Discussion.  The  curve  (Fig.  18)  shows  that  the  charging  i 
current  is  higher  when  the  intermediate  tube  is  in  place  as  it 
should  be  owing  to  the  increased  capacity.  The  curves  follow 
straight  lines  up  to  a  value  of  voltage  required  to  produce  corona 
with  no  intermediate  tube.  An  indication  is  given  that  the 
corona  current  rises  more  rapidly  when  the  tube  is  not  in  place 
which  is  in  accord  with  the  theory.  Corona  appears  at  a  higher 
value  of  voltage  when  either  of  the  larger  tubes  is  inserted  which 
is  in  accord  with  the  theory,  as  they  cut  down  the  number  of 
ionizing  electrons  already  in  motion  due  to  the  outer  portion  of 
the  field.  If  we  omit  the  value  obtained  for  the  1.209  cm:  tube 
which  is  uncertain  owing  to  spark  over,  we  see  that  the  smaller 
the  diameter  of  the  inner  tube  the  higher  the  voltage  required 
which  is  again  in  accord  with  the  theory  as  the  smaller  the  inner 
tube  the  more  the  accelerating  path  is  cut  down  and  the  higher 
the  voltage  required  to  start  corona.  Because  of  the  difficulty 
of  maintaining  the  galvanometer  deflection  constant  (it  is  affec- 
ted by  the  slightest  variation  in  the  frequency)  further  modi- 
fications in  the  direction  of  constancy  of  frequency  are  neces- 
sary, and  the  experiments  were  terminated  at  this  point.  It  is 
believed  however  that  the  above  results  are  a  reliable  qualitative 
indication  that  corona  voltage  is  elevated  by  an  intermediate 
thin  screen  which  serves  as  a  barrier  to  the  free  passage  of  the 
ionizing  electrons. 

VI.  Conclusions 
1.  The  critical  corona  forming  intensity  at  atmospheric  pres- 
ure  h»*  HflAn  determined  for  six  sizes  of  wire  ranging  from  0.074 


1917] 


ELECTRIC  STRENGTH  OF  AIR 


197 


to  0.231  cm.  diameter  for  alternating  and  continuous  potentials, 
in  the  same  apparatus  and  under  the  same  conditions. 

2.  The  relation  between  critical  surface  intensity,  that  is,  the 
intensity  at  which  corona  starts,  and  the  diameter  of  a  clean 
round  conductor  as  found  are  expressed  by  the  following  laws: 


Alternating  current*  E  =  33.7  b  +  12.6  ' .  . 
  a 

Continuous  currentt  £  =  33.75  +  n.6 

Positive  d 

Continuous  currents       =  ^7 
Negative  d 

3.  Within  the  range  of  wires  used  the  corona  appears  at  a 
lower  voltage  when  the  wire  is  positive  than  when  it  is  negative. 
The  maximum  excess  of  negative  over  positive  observed  was 
6.3  per  cent. 

4.  The  values  with  alternating  voltage  coincide  closely  with 
those  of  negative  continuous  voltage. 

5.  The  curves  representing  the  positive  and  negative  values 
converge  as  the  diameter  of  the  wire  increases. 

6.  The  observations  on  the  positive  and  alternating-current 
corona  are  in  substantial  agreement  with  those  of  Farwell,  Peek 
and  Whitehead,  although  new  values  of  the  constants  of  formula 
(1)  are  indicated. 

7.  The  observations  on  the  negative  corona  give  values  higher 
than  any  heretofore  obtained. 

8.  Experiments  with  concentric  insulated  screening  tubes  in- 
dicate that  the  critical  corona  forming  intensity  is  raised  by 
their  introduction.    (See  Table  XIII  and  Fig.  18.) 

9..  The  results  of  the  present  investigation  are  in  accord  with 
the  theory  of  secondary  ionization  as  proposed  by  Townsend. 
Laboratory  of  Electrical  Engineering,  Johns  Hopkins  University. 
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Discussion  on  "Corona  and  Rectification  in  Hydrogen" 
(Davis  and  Breese),  "The  Electric  Strength  of  Air- 
VTI"  (Whitehead  and  Brown),  New  York,  February 
15,  1917. 

Saul  Dushman:  The  problem  of  obtaining  high-voltage  direct 
current  for  use  in  such  experiments  as  described  in  the  above 
papers  is  of  great  importance.  One  method  is  to  use  the  series  of 
d-c.  generators  as  described.  Another  method  that  is  very  con- 
venient consists  in  the  use  of  a  transformer  and  some  type  of 
rectifier,  such  as  that  mentioned  in  the  paper  by  Messrs.  White- 
head and  Brown.    The  pulsating  d-c.  voltage  produced  by  the 


o.c. 

HighVoltagt 


.50,000. 
Volts  D.C. 
High  Voltage 


Fig.  1 — Diagram  of  Connections  for  the  Production  of 
High- Voltage  Direct  Current 


use  of  one  half-wave  or  two  half-wave  rectifiers  may  then  be 
smoothed  out  by  means  of  capacity.  Dr.  Hull  has  recently  shown 
that  by  dividing  the  capacity  into  two  parts  and  inserting  in- 
ductance between  them,  it  is  possible  to  obtain  almost  non- 
pulsating  direct-current  with  very  much  less  capacity  than 
would  be  required  if  no  inductance  at  all  were  used.  Fig.  1 
shows  his  arrangement  for  obtaining  50  milliamperes  at 
100,000  volts  from  a  2000-cycle  alternator  and  step-up  trans- 
former, and  Fig.  2  represents  an  oscillogram  of  the  direct-current 
actually  obtained. 

In  the  case  of  the  experiments  described  by  Messrs.  Davis  and 
Breese,  the  maximum  current  appears  to  have  been  about  4 
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milliamperes.  This  corresponds  to  a  resistance  of  5  megohms 
at  20,000  volts.  Assuming  60-cycle  alternating  current  and  only 
half -wave  rectification,  it  can  be  shown  that  in  order  to  obtain 
the  above  current  with  less  than  one  per  cent  fluctuation  in  volt- 
age, it  would  require  only  about  0.25  microfarad,  if  capacity 
alone  were  used. 

By  using  the  method  suggested  by  Dr.  Hull,  this  could  be 
reduced  to  about  0.1  microfarad  by  the  use  of  an  inductance  of 
about  900  henrys.  Dr.  Hull's  method  becomes  more  and  more 
advantageous  as  the  frequency  is  increased,  and  at  500  cycles, 
the  capacity  required  with  the  same  inductance  would  be  only 
about  one-twenty-fifth  of  that  required  at  60  cycles. 

J.  B.  Taylor:  I  do  not  understand  why,  if  negative  corona  is 
a  different  sort  of  action  entirely  from  positive,  which  it  ob- 
viously is,  very  decidedly  in  the  case  of  hydrogen,  and  to  a  less 
extent  in  the  case  of  air,  why  any  equation  for  determining 
alternating-current  corona  point  should  not  be  the  same  as  the 
minimum  corona  point  with  either  alternating  or  direct  current. 
Since  the  alternating-current  wave  must  have  a  negative  portion 
in  it,  why  does  not  corona  begin  to  form  at  just  as  low  a  value 
in  alternating  as  in  direct  current,  unless  there  is  a  certain  lag 
and  in  that  case  a  logical  law  would  seem  to  call  for  the  intro- 
duction of  a  frequency  term. 

L.  W.  Chubb:  Messrs.  Davis  and  Breese,  in  their  paper  show 
the  difference  between  corona  formation  in  hydrogen  and  air. 
In  hydrogen  negative  corona  forms  at  the  lower  voltage,  while 
in  air  the  reverse  is  true.  The  comparison  that  is  shown  in  this 
paper  is  limited  to  wires  of  about  the  same  size,  and  of  a  size  which 
possibly  exaggerates  the  difference.  The  Farwell  paper  showed 
the  formation  of  negative  corona  first,  in  air,  when  the  wire  was 
below  a  certain  diameter.  It  is  possible  that  there  might  be  an 
interchange  of  the  phenomena  also  in  hydrogen  if  wires  of  much 
smaller  or  much  larger  diameter  are  used,  and  that  this  apparent 
difference  is  only  because  of  the  relatively  different  parts  of  the 
curve.  9 

I  want  to  call  attention  to  some  facts  regarding  rectification. 
Apparently,  the  scheme  given  looks  like  a  practical  rectifier,  but 
if  you  consider  the  losses  that  would  occur  in  such  rectification, 
and  also  consider  the  fact  that  it  can  work  against  a  counter 
e.m.f.  equal  to  only  one-half  of  the  difference  between  the  posi- 
tive and  the  negative  corona-forming  voltages,  it  does  not  make 
a  very  attractive  scheme. 

The  increase  of  the  pressure  in  the  tube  when  ionization  starts 
has  come  up  before  in  the  Farwell  paper,  and  the  change  was  de- 
nied in  some  discussion  last  year.  It  seems  that  there  is  a  pos- 
sibility that  this  pressure  change  is  local,  and  will  depend  upon 
where  the  pressure  is  taken,  whether  near  the  corona  wire  or  near 
the  outside  cylinder. 

Dr.  Whitehead's  method  of  inserting  tubes  to  prevent  the 
i:cation  of  ionization  is  rather  interesting,  but  I  think  is 
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open  to  some  objection  in  that  the  tubes  may  become  charged 
with  electrons,  and  have  effects  on  the  field.  They  may  produce 
a  space  charge  which  will  change  the  natural  gradient,  and  may 
also  act  as  condenser  plates,  because  they  have  low  conductance 
and  may  distribute  the  gradient  like  the  plates  of  the  concentric 
series  of  foil  of  condenser  bushing. 

Dr.  Whitehead  reviews  the  common  theory  of  ionization  by 
bombardment  by  the  electrons  near  the  wire  when  it  is  positive, 
and  explains  by  this  that  it  is  natural  that  the  positive  corona 
should  form  at  a  lower  voltage.  That  is  the  way  I  have  always 
looked  at  it  myself,  but  the  reverse  effect  in  hydrogen  gives  us 
something  more  to  think  about. 

F.  W.  Peek,  Jr.:  The  tests  that  Messrs.  Davis  and  Breese 
have  made  indicate  that  corona  formation  in  hydrogen  follows 
the  samg  laws  as  in  air.  The  constants  which  they  have  obtained 
for  the  hydrogen  corona  formula  are,  however,  lower.  Dr. 
Whitehead  found  that  CO*,  a  much  heavier  or  denser  gas  than 
air,  had  the  same  dielectric  strength  at  the  same  "relative" 
density — at  the  same  temperature  and  pressure.  The  strength 
of  air  varies  with  the  "relative"  density,  as  shown  bf  the  stand- 
ard formula.  The  dielectric  strength  of  different  gases  should 
be  measured  at  various  densities,  to  determine  if  the  strength  is 
affected  by  the  '  'absolute"  density  or  only  by  the  "relative" 
density  of  the  gas.  The  effect  of  molecular  spacing  would  thus 
be  determined. 

Some  years  ago,  I  was  able  to  rectify  by  corona,  and  obtained 
about  100  kv.,  direct  current,  with  power  of  a  few  kw.  A  de- 
scription of  this  investigation  will  be  found  in  an  A.  I.  E.  E. 
discussion.* 

In  my  experiments  with  d-c.  corona,  I  found  it  extremely 
difficult  to  determine  the  exact  starting  voltage  when  the  wire 
was  negative.  The  positive  corona  was  quite  definite,  and 
apparently  about  the  same  for  direct-current  or  for  alternating- 
current,  t  The  slightest  irregularity  on  the  negative  wire  made 
the  corona  starting  point  very  irregular.  What  is  recorded  as 
the  starting  point  of  negative  visual  corona  will  depend  to  a  great 
extent  upon  the  observer  and  the  condition  of  the  wire.  Dr. 
Whitehead  gives  constants  for  the  corona  formula  for  a-c, 
and  negative  and  positive  d-c.  corona.  When  these  constants 
are  inserted  in  the  formula,  it  is  found  that  for  very  large  wires 
(radii  =  »  )  the  a-c.  and  the  positive  d-c.  corona  voltages  are 
equal,  while  the  negative  d-c.  voltage  is  much  lower.  For 
wires  about  0.5  cm.  in  diameter  the  a-c.  and  positive  and  nega- 
tive d-c.  are  approximately  equal;  for  small  wires  the  negative 
corona  voltage  is  higher  than  the  positive.  For  the  small  wires 
actually  used  in  Dr.  Whitehead's  investigation,  he  found  that 
the  negative  corona  starting  point  was  approximately  equal  to 

♦Trans.  A.  I.  E.  E.,  p.1062  Vol.  34.,  1915. 

fF.  W.  Peek,  Jr.,  "The  Effect  of  High  Continuous  Voltages  on  Air,  Oil, 
and  Solid  Insulation."  Trans.  A.  I.  E.  E.,  1916,  Vol.  XXXV,  Part  II, 
p.  783. 
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the  a-c.  while  the  positive  corona  starting  point  was  lower.  In 
this  connection,  Mr.  Taylor's  question  is  a  good  one.  If  there  is 
a  difference  between  positive  and  negative  starting  voltages,  it 
would  be  expected  that  the  a-c.  would  correspond  to  the  lower 
voltage,  or  to  the  positive.  This  was  not  the  case  over  the  range 
investigated  by  Dr.  Whitehead.  The  time  necessary  for  corona 
to  start  should  not  affect  this,  as  this  time  is  relatively  very 
small.  I  believe  the  g0  constant  of  33.7  is  too  high  since  spark- 
over  in  an  approximately  uniform  field,  where  the  radius  is 
infinity,  apparently  takes  place  at  a  gradient  of  about  31  kilo- 
volts  per  centimeter. 

Some  time  ago,  I  investigated  corona  formation  and  spark- 
over  with  impulse  voltages.  The  duration  of  these  voltages  was 
sometimes  less  than  a  microsecond.  It  is  interesting  that  the 
same  general  laws  hold  for  these  transients.  The  time  lag  for  the 
starting  of  visual  corona  on  wires  is  very  small,  and  measured  in 
microseconds.  For  spark-over,  the  time  lag  has  very  little  effect 
on  sphere-gap  spark-over  voltages,  or  for  spark-over  voltages, 
where  the  fields  are  uniform.  For  needle-gap  spark-over,  or  the 
spark-over  of  other  gaps,  where  the  field  is  non-uniform,  the 
time  lag  has  a  decided  effect.  For  such  gaps  the  impulse  spark- 
over  voltage  may  be  many  times  the  continuously  applied  spark- 
over  voltage.  This  investigation,  which  also  includes  the  effect 
of  transient  or  impulse  voltages  on  liquid  and  solid  insulations, 
surface  arc-over,  etc.,  is  given  in  the  A.  I.  E.  E.  Transactions.* 

J.  B.  Whitehead:  The  conclusion  of  Messrs.  Davis  and  Breese, 
that  hydrogen  does  not  obey  the  law  of  corona  that  is  followed  by 
air,  is  not  warranted  by  the  results  described  in  the  paper.  The 
observations  are,  in  large  part,  qualitative  and  in  order  to  test  the 
conclusions,  the  actual  observations  and  methods  of  reaching  the 
conclusions  should  be  given.  No  readings  of  pressure  are  given, 
and  above  all  no  readings  of  temperature.  While  it  is  probable 
that  the  conclusion  that  hydrogen  does  not  obey  the  law  is 
correct,  it  should  be  noted  that  temperature  has  a  large  influence 
on  corona  voltage.  I  have  often  observed  that  it  is  possible  to 
reduce  corona  forming  voltage  below  that  at  which  corona  starts, 
but  have  invariably  been  able  to  attribute  it  to  a  rise  in  temper- 
ature. 

The  authors  are  working  with  extremely  small  wires  and  small 
tubes,  the  latter  about  four  centimeters  in  diameter.  The  corona 
is  run  far  above  the  value  at  which  it  starts,  and  it  is  certain  that 
the  temperature  in  the  tube  is  considerably  elevated  and  that 
means  a  lowering  of  corona  voltage.  I  am  not  prepared  to  say 
that  the  explanation  of  the  authors,  that  space  charge  is  the 
reason  for  the  lowering  of  the  voltage,  is  incorrect,  but  the  paper 
does  not  show  this,  nor  does  there  appear  to  be  any  reason  why 
the  same  effect  should  not  occur  in  air.  The  authors  are  working 

*F.  W.  Peek,  Jr.,  "Effect  of  Transient  Voltages  on  Dielectrics." 
Trans.  A.  I.  E.  E.,  Sept.  1915,  Vol.  34,  p.  1857.  F.  W.  Peek,  Jr., 
"Lightning".  G.E.  Review,  July  1916. 
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in  a  most  important  and  interesting  field,  but  in  order  that  cer- 
tain results  may  be  drawn,  why  should  not  the  conditions  of 
accuracy,  the  methods  of  observation,  and  the  record  of  ob- 
servations themselves  be  given  ? 

There  is  one  indication  in  Fig.  8  which  the  authors  have  not 
mentioned,  and  which  nevertheless  may  have  some  bearing  upon 
the  fact  that  corona  voltage  may  be  reduced  below  the  point  at 
which  it  starts.  The  curve  for  voltage  in  Fig.  8  is  that  having 
a  peak  in  the  upper  half..  The  upper  half  of  these  waves  is  con- 
siderably shorter  in  time  than  the  lower  half,  showing  that  the 
wave  has  been  distorted  not  only  on  the  upper  or  positive  side, 
but  also  on  the  lower  side.  That,  it  seems  to  me,  is  an  indication 
that  there  may  be  some  distortion  of  the  field  in  the  tube,  that  is 
to  say,  some  form  of  influence  by  foregoing  ionization. 

The  results  in  hydrogen  are,  of  course,  of  great  interest,  and 
the  authors  are  to  be  congratulated  for  bringing  them  forward. 
Those  shown  in  Fig.  7,  in  which  the  relation  of  positive  and  nega- 
tive potential  for  corona  is  reversed  as  regards  air,  and  the  very 
marked  change  in  the  form  of  the  curve  connecting  the  voltage 
and  the  current  are  especially  striking.  However,  it  is  only  fair 
to  note  the  extremely  small  wires  with  which  the  authors  are 
working,  and  the  difficulty  of  making  the  surface  of  such  wires 
absolutely  uniform.  Surface  irregularities  on  small  wires  cause 
wide  variations  in  the  value  of  corona  forming  voltage.  You  will 
notice,  that  the  lower  curve  for  hydrogen  is  the  negative  one, 
and  if  the  wire  did,  by  chance,  happen  to  be  irregular,  it  would 
tend  to  give  the  results  as  shown. 

The  authors  state  that:  "The  voltage  at  which  negative 
corona  starts,  as  shown  in  this  oscillogram,  is  approximately 
twice  the  voltage  across  the  tube  at  the  instant  that  the  dis- 
charge ceases." 

They  state  that  this  difference  between  the  initial  and  final 
corona  voltage  has  not  been  observed  before.  They  are  correct 
in  stating  that  it  has  not  been  observed  for  continuous  potentials, 
but  the  first  paper  of  our  own  series  shows  a  wave  form  on  which 
is  marked  the  values  of  voltage  at  which  corona  started  and  those 
at  which  it  ended,  and  the  last  were  invariably  lower.  In  that 
paper  we  attributed  the  difference  to  the  slight  elevation  of 
temperature  due  to  the  corona,  and  the  consequent  hanging  on  of 
corona  to  a  somewhat  lower  voltage. 

The  spots  on  the  negative  corona  wires  are  more  or  less  natural, 
by  reason  of  the  electro-magnetic  reaction  between  successive 
discharge  points,  considered  as  electric  currents.  If  the  surface 
of  a  wire  is  irregular,  either  at  the  beginning,  or  becomes  so  as  a 
result  of  discharge,  it  is  natural  that  successive  discharge  points 
should  space  themselves  more  or  less  uniformly  along  the  wire, 
as  representing  an  equilibrium  condition  of  a  number  of  similar 
forces. 

Coming  to  the  comments  that  have  been  made  on  the  paper 
of  Mr.  Brown  and  myself,  Mr.  Taylor's  comment  as  to  the  ab- 
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sence  of  units  in  the  formulas  is  quite  pertinent.  The  units  for 
these  constants  as  they  are  given  in  the  paper  are  in  kilovolts 
per  centimeter  throughout.  The  density  factor  6  is  a  ratio; 
somewhat  later  in  the  paper  the  exact  value  of  6  and  the 
methods  by  which  it  is  derived,  are  given.  Its  value  is  unity  at  a 
pressure  of  76  cm.  and  a  temperature  of  75  deg.  cent.  The 
radius  and  diameter  of  the  wires  are  to  be  expressed  in 
centimeters. 

Mr.  Taylor  also  asks,  why,  if  with  continuous  potential,  the 
positive  corona  starts  earlier,  should  not  the  a-c.  corona  at  a 
corresponding  value,  inasmuch  as  it  has  a  positive  half  wave.  I 
cannot  answer  that  question,  and  I  shall  be  very  glad  indeed 
to  have  anybody  else  do  £o.  It  undoubtedly  has  to  do  with  a 
time  element  involved  in  the  rate  of  recombination  of  ions.  It 
is  quite  possible  to  imagine  conditions  under  which  it  will  be 
necessary  to  reach  a  potential  in  which  both  halves  of  the  wave 
are  active  before  corona  starts.  In  that  event,  we  would  expect 
coincidence  between  the  alternating  and  the  negative  continuous 
potential,  as  regards  corona  voltage. 

Mr.  Chubb  has  commented  on  the  change  of  pressure  with 
the  appearance  of  corona.  That  question  recalls  the  paper  of 
Farwell,  which  showed  that  there  is  an  increased  pressure  due  to 
the  appearance  of  corona.  A  number  of  comments  have  been 
made  upon  that  fact,  and  nobody  questions  that  it  is  so.  When 
a  gas  is  ionized,  there  are  a  greater  number  of  free  particles,  and 
these  free  particles  obey  the  kinetic  theory  of  gases,  which  indi- 
cate that  there  is  an  elevation  of  pressure.  The  question  has 
no  bearing,  in  my  opinion  upon  the  conditions  which  regulate  the 
beginning  of  corona,  but  it  may  well  regulate  the  value  of  the 
current  above  the  corona  voltages. 

Mr.  Chubb's  second  point  is  a  comment  on  the  use  of  the 
intermediate  barrier  tubes,  and  their  effect  upon  corona  voltage. 
He  points  out  two  possible  sources  of  error,  one  the  variation  in 
the  capacity  of  the  system  and  the  possibility  of  appearance  of 
charges  on  the  surface  of  the  tube.  The  observations  with  these 
tubes  in  place  show  a  raising  of  corona  voltage  which  is  far  greater 
than  that  which  can  be  accounted  for  by  any  change  in  the  capac- 
ity of  the  system.  With  reference  to  the  appearance  of  charges 
on  the  tubes,  the  paper  shows  that  these  charges  are  a  distinct 
source  of  error,  so  long  as  we  try  to  work  with  a  galvanometer  or 
kenotron  as  a  detecting  instrument,  and  also  if  we  try  to  work 
with  continuous  potentials.  Working  with  alternating  poten- 
tials we  had  conditions  under  which  these  charges  were  not 
present.  It  is  possible  to  show  the  presence  of  these  charges 
by  connecting  the  electroscope  to  the  tube  immediately  after  the 
voltage  is  thrown  off.  I  think  that  both  these  errors  suggested 
by  Mr.  Chubb  are  shown  to  have  been  eliminated  by  the  subject 
matter  in  Section  5  of  the  paper. 

There  is  undoubtedly  a  difference  between  the  corona  voltage 
for  positive  and  negative  continuous  potentials.    The  curves 
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approach  each  other,  but  I  believe  they  will  never  be  found  to 
cross.  I  think  they  will  converge  into  one  with  the  increasing 
diameter  of  the  wire.  I  think  if  the  wire  gets  to  be  of  sufficient 
size,  the  field  between  two  parallel  wires,  will  be  sufficiently 
similar  in  the  case  of  the  passage  of  both  positive  and  negative 
ions  to  give  the  same  potential.  If  that  is  true,  the  constants  of 
the  formula  as  used  in  the  paper  would  have  to  suffer  some 
modification,  but  I  do  not  believe  we  will  ever  find  in  air  that  the 
negative  wire  will  show  corona  first. 


Presented  at  the  Fifth  Midwinter  Convention  of 
the  American  Institute  of  Electrical  Engineers, 
Nev  York,  February  jj.  1917. 
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OSCILLATING-CURRENT  CIRCUITS  BY  THE  METHOD 
OF  GENERALIZED  ANGULAR  VELOCITIES 


BY  V.  BUSH 


Abstract  of  Paper 

The  oscillating-current  circuit  differs  from  the  alternating- 
current  circuit  in  that  the  sinusoids  involved  are  damped. 

In  the  same  way  that  alternating-current  theorems  are  obtained 
by  generalizing  direct-current  theorems,  it  is  possible  to  obtain 
oscillating-current  theorems  by  still  further  generalization. 
This  involves  a  generalized  angular  velocity  and  a  generalized 
impedance  which  are  complex  quantities.  Kirchoff's  law  may 
be  thus  generalized ;  and  yields  a  simple  method  of  determining 
the  generalized  angular  velocities,  and  thus  the  frequencies  and 
decrements,  of  free  oscillation. 

Since,  in  an  oscillating-current  circuit,  there  is  no  impressed 
voltage,  the  initial  voltage  present  in  the  circuit  must  be  used  in 
determining  the  amplitudes  of  oscillation.  This  results  in  the 
introduction  of  a  "threshold  impedance"  for  use  in  determining 
the  amplitudes,  which  is  obtained  by  a  single  differentiation  from 
the  generalized  impedance.  Further  direct-current  rules  may 
also  be  readily  generalized  for  convenient  use  in  the  solution  of 
oscillating-current  circuits. 

A  simple  example  is  given  to  show  the  method  of  procedure. 
The  discharge  of  a  leaky  condenser  through  a  reactor  furnishes 
a  second  example  which  better  illustrates  the  convenience  of  the 
method  for  numerical  computations.  As  a  third  example  the 
oscillation  of  a  three-section  artificial  cable  under  particular 
terminal  conditions  is  chosen.  The  algebraical  portion  of  this 
example  is  given  in  an  appendix. 

A  list  of  symbols  used  will  be  found  at  the  end  of  the  paper. 


Introductory 

IN  SOLVING  alternating-current  networks  it  is  convenient  to 
make  use  of  the  pure  imaginary,  j.  A  sinusoidally  varying 
quantity  is  represented  by  a  revolving  plane  vector,  and  this 
in  turn  by  the  expression: 

A 

A  is  the  amplitude,  and  <o  the  1  'angular  velocity* '  of  the  har- 
monic quantity  or  of  the  vector  which  represents  it.  When  such 
expressions  are  combined  according  to  the  laws  of  algebra,  true 
physical  results  are  obtained  because  of  the  fact  that  harmon- 
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ically  varying  quantities  combine  in  accordance  with  the  same 
laws  as  does  this  easily  handled  mathematical  expression. 

The  use  of  this  symbolism  much  simplifies  the  solution  of 
such  circuits;  and  much  of  this  simplification  results  from  the 
translation  of  direct-current  rules  into  alternating-current  rules 
by  a  proper  exchange  of  terms.  Thus  Ohm's  law  is  retained  in 
its  simplicity  for  the  alternating-current  case  by  the  substitution 
of  impedance  for  resistance;  and  the  impedance  of  a  circuit  is 
defined  in  such  a  manner  that  the  law  will  hold. 

In  oscillating-current  circuits  we  consider  the  subsidence  of  a 
system  from  one  state  to  another  in  the  absence  of  impressed 
forces.  The  quantities  involved  vary  in  accordance  with 
damped  sinusoids.  They  may  be  represented  by  revolving 
plane  vectors,  which  shorten  exponentially  as  they  revolve. 
Such  a  vector  may  be  represented  by  the  expression: 

A  e»< 

where  n  is  a  complex  quantity  of  the  form: 

n  =  —  a  +  j  co 
If  we  rewrite  the  expression  in  the  form: 

A  e~at  e>wt 

it  is  seen  to  consist  of  the  term  of  the  alternating-current  case 
multiplied  by  a  damping  factor.  In  such  an  expression  the 
complex  quantity  n  may  be  conveniently  called  a  generalized 
angular  velocity;  and  we  may  form  from  it  generalized  impe- 
dances, generalized  admittances  etc.  in  a  manner  exactly  anal- 
agous  to  the  alternating-current  case. 

The  Frequencies  and  Decrements  of  Free  Oscillation 
KirchofTs  law,  that  the  sum  of  the  voltages  around  a  closed 
path  in  a  direct-current  circuit  is  zero,  is  translated  for  use  in 
alternating-current  circuits  by  substituting  the  term  impedance 
for  resistance. 

In  similar  manner  it  may  be  extended  for  use  in  oscillating- 
current  circuits  by  putting  in  instead  the  term,  generalized 
impedance,  Since  there  are  in  this  case  no  impressed  voltages 
to  be  considered,  the  law  may  be  more  conveniently  expressed 
by  stating  that  the  generalized  impedance  of  a  closed  circuit  to 
free  oscillations  is  zero. 
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In  the  direct-current  case  the  law  furnishes  an  equation  for  de- 
termining an  unknown  constant.  In  the  alternating-current 
case  it  may  be  used  also  to  determine  the  frequency  if  everything 
else  is  known.  In  the  oscillating-current  case  it  may  be  used  to 
determine  the  unknown  generalized  angular  velocities  of  os- 
cillation. This  proposition  was  used  by  Rayleigh  and  Heaviside ; 
and  has  been  presented  in  more  explicit  form  for  convenient  use 
by  Eccles,  Campbell,  and  Kennelly.t 

One  example  will  be  sufficient  to 
show  the  convenience  of  the  law  for 
practical  use.  Consider  the  series 
circuit  of  Fig.  1;  a  condenser  of 
capacitance  C,  discharging  through 
Fig.  1— Simple  Series     a  reactor  of  inductance  L  and  re- 

ClRCUIT  sistancetf. 
If  we  let  n  be  the  unknown  generalized  angular  velocity,  and 
apply  the  law  to  this  circuit,  we  obtain 


R  +  Ln  +  -^-  =0 
c  n 


From  which,  solving  for  n,  there  results: 
R 


n  =  — 


2L 


Assuming  for  convenience  the  quantity  under  the  radical  positive, 
the  angular  velocity  of  free  oscillation  of  this  circuit  is  thus: 

LC  \2LJ 
or  the  frequency  of  oscillation  is 

j_  a/j_  _  /  *_y 

2tt       LC     \2L  / 

t Rayleigh,  Theory  of  Sound. 
Heaviside,  Electromagnetic  Theory,  Vol.  2. 
Eccles,  Electrician,  1915.    Phys.  Soc.  Proc.  24,  1912. 
Campbell,  Trans.  A.  I.  E.  E.,  1911.    Vol.  XXX,  Part  II,  p.  873. 
Kennelly,  Proc.  Institute  Radio  Engineers,  1915. 
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and  the  circuit  has  a  decrement  expressed  by 

R 
2L 

This  familiar  result,  in  which  there  may  be  three  cases  according 
to  the  sign  of  the  quantity  under  the  radical,  is  thus  arrived  at 
simply  by  the  solution  of  an  algebraic  equation,  without  the 
necessity  of  employing  the  calculus. 

The  Amplitudes  of  Free  Oscillation 
If  we  attempt  to  translate  Ohm's  law  in  analogous  manner, 
in  order  to  arrive  at  the  amplitudes  of  oscillation,  a  difficulty 
arises  because  of  the  fact  that  there  is  no  impressed  voltage 
present  in  an  oscillating-current  circuit.  The  impressed  voltage, 
and  the  generalized  impedance,  are  both  zero;  and  their  quo- 
tient is  indeterminate. 

There  is  however  always  an  initial  voltage  present  in  such  a' 
circuit  due  either  to  an  initial  charge  on  a  condenser,  or  to  an 
initial  current  through  a  resistor.  We  seek  then  a  function  of 
the  constants  of  the  circuit,  the  generalized  impedance  Z,  and 
the  free  generalized  angular  velocities  n  which  shall  give  the 
amplitudes  of  oscillation  when  divided  into  the  initial  voltage. 
Such  a  function  will  be  found  in  the  expression. 


It  may  well  be  called  on  account  of  its  peculiar  properties  the 
"threshold  impedance"  of  the  circuit. 

If  a  circuit,  initially  containing  a  voltage  £,  be  allowed  to 
oscillate  freely,  the  initial  amplitude  of  current  oscillation  will  be. 

E 

dZ 
n  ~~z — 
a  n 

and  the  current  expression  accordingly,  the  sum  of  terms  of  the 
form 

E  _ 
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where  each  term  is  formed  from  one  of  the  values  of  n  resulting 
from  the  solution  of  the  equation 

Z  =  0 

Z  is  formed  for  the  entire  circuit,  considering  the  element  ini- 
tially charged  as  the  main  branch. 

The  proof  of  this  second  law  is  neccesarily  long;  and  may  well 
be  omitted  in  a  paper  of  this  character.  The  "threshold  impe- 
dance" appears  in  papers  by  Heaviside.} 

When  there  is  only  a  single  frequency  of  oscillation  present,  as 
in  the  series  circuit  treated  above,  this  second  law  is  unnecessary; 
for  the  amplitude  may  be  written  down  by  inspection.  In  more 
involved  networks,  where  several  frequencies  of  oscillation  exist 
simultaneously,  the  law  furnishes  a  very  convenient  means  of 
determining  the  amplitudes  of  the  several  terms  in  the  solution. 

Solution  of  Circuits 
To  completely  solve  an  oscillating-current  network,  the 
method  of  generalized  angular  velocities  thus  requires  the  fol- 
lowing steps: 

1.  Form  the  generalized  impedance  of  the  network,  consider- 
ing as  the  main  branch  the  element  initially  charged. 

2.  Equate  to  zero,  and  solve  for  the  generalized  angular 
velocities  of  free  oscillation:  ti\n%n%  

3.  Form  the  threshold  impedance, 

a  n 


and  insert  the  roots  for  n  found  above  to  form  a  series  of  values 
of  the  threshold  impedance:  T\  T2  Tz  

4.  Divide  the  initial  voltage  E  of  the  circuit  by  each  of  these 
values  to  form  a  corresponding  set  of  amplitudes. 

5.  Write  the  oscillating-current  expression  in  the  form 

i  =  €"M  +  -J-         +  -J-  «V  +  .      .  . 

M  I  2  i  J 

{Heaviside,  Electrical  Papers,  Vol.  2,  p.  373.,  Electromagnetic  Theory. 
Vol.  2,  p.  135. 

Since  this  paper  was  written,  an  excellent  proof  of  the  second  law  by 
Wagner  has  appeared  in  Archiv  fur  Elektrotechnik,  1916,  Band  IV,  5/6 
Heft. 
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or  more  concisely, 

where  the  summation  extends  over  the  values  of  n  found  from 
the  equation, 

Z  =  0 

It  will  be  noted  that  in  the  above  the  generalized  angular 
velocities,  generalized  impedances,  threshold  impedances  and 
generalized  amplitudes  are  all  complex  quantities.  Upon  re- 
ducing the  final  expression  to  the  usual  trigonometric  form  by 
the  use  of  the  identity, 

'  =  cos  co  t  +  j  sin  co  t 

the  imaginary  portions  of  the  expression  will  of  necessity  cancel 
out,  and  leave  a  real  trigonometric  expression  for  the  current. 

Further  rules  for  the  examination  of  oscillating-current  circuits 
may  be  readily  obtained  by  generalization. 

The  current  or  voltage  in  a  distant  portion  of  the  network  may 
be  found  by  combining  the  generalized  impedances  of  the 
elements  in  the  manner  of  simple  resistances.  Here  as  before  the 
several  terms  of  the  current  or  voltage  expressions  are  to  be 
treated  separately.  An  element  has  a  generalized  impedance 
corresponding  to  each  free  generalized  angular  velocity,  to  be 
used  with  the  term  of  the  current  or  voltage  expression  contain- 
ing the  same  value  of  n. 

When  several  stores  of  energy  are  simultaneously  discharged, 
they  may  be  treated  separately  and  the  results  added. 

Cases  of  oscillation  under  a  suddenly  applied  steady  electro- 
motive force  may  be  treated  as  the  inverse  of  the  discharge  from 
the  final  state  attained. 

Oscillations  under  suddenly  applied  alternating  voltages  may- 
be similarly  treated;  but  the  solution  here  rapidly  becomes  in- 
volved algebraically. 

Examples  of  the  Method.  Three  examples  of  the  practical  use 
of  the  method  will  be  given.  The  first  is  very  simple,  to  outline 
the  procedure  only.  The  second  is  of  somewhat  more  complexity 
and  is  solved  numerically.  The  third  is  intended  to  exemplify 
the  method  when  several  frequencies  are  present  simultaneously. 
The  inductively  coupled  circuit,  which  furnishes  an  excellent 
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example  for  this  purpose,  is  reserved  because  of  its  interest  for 
separate  treatment.  The  method  as  used  has  been  checked  in 
numerous  cases  by  the  use  of  parallel  solutions  of  the  differen- 
tial equation.  Circuits  such  as  that  of  example  III  have  also 
been  checked  by  the  oscillograph  and  the  artificial  line  at 
Harvard  University. 

I.  Consider  the  circuit  of  Fig.  2:  a  condenser  of  capacitance 
C,  initially  charged  to  potential  Ef  and  discharging  through 
simple  resistance  R. 

The  generalized  impedance  is, 

Z  =  R  +  — ^-  ohms  L 

Cn 


Fig.  2 — Circuit  of  Example  I       Fig.  3 — Circuit  of  Example  II 
Equate  to  zero,  solve  for  «,  and  there  results, 

1 


n  ~  — 


R  C 


hyp.  rad./sec. 


The  threshold  impedance  is  obtained  from  Z  by  differentiation; 

T  dZ  1  u  y 

T  =  n  s —  =  — —  ohms  Z 

an  C  n 


For  the  free  value  of  n  found,  this  has  the  value, 


T  =  — 1  .   v  =  R  ohms 


The  current  in  the  circuit  is  thus, 


£  E    "~  /?  c 

i  =  —jr      =  —^-6  amperes 
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and  this  may  be  reduced  to, 

iL  =  1.0886  €-650-0'  sin  835.2/  amperes. 

If  we  desire  the  voltage  across  the  inductance  L,  multiply 
it  by  L  n,  or  by, 

(55.0  ±  j  83.52)  ohmsZ 

and  obtain  on  reducing, 

=  108.9  e-660  0'  sin  (835.2 1  -  0.9882) 

and  so  on. 


Fig.  4 — Discharge  of  Leaky  Condenser — Example  II 
These  values  are  plotted  in  Pig.  4. 

III.  In  the  above  example  there  are  two  conjugate  roots  for 
»,  and  hence  a  single  frequency  of  free  oscillation.  The  third 
example  shows  a  case  where  more  than  one  frequency  is  present. 
It  is  chosen  from  a  series  of  solutions  of  the  oscillations  of  the 
.  lumped  artificial  line  under  suddenly  applied  voltage.  The 
three  section  artificial  cable,  grounded  at  one  end,  and  suddenly 
connected  at  the  other  to  a  source  of  potential  £,  is  chosen;  as 
it  illustrates  the  method  with  the  least  complexity  of  expression. 
The  method  proved  adequate  for  the  solution  of  the  more  general 
case  with  inductance  present;  and  a  series  of  solutions  for  various 
numbers  of  sections  was  used  to  derive  a  general  expression  for 
the  lumped  linejand  this  type  of  transient.    This  expression, 
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compares  with  that  of  a  smooth  line  under  similar  conditions, 
furnished  a  criterion  of  the  value  of  experimental  results  obtained 
on  the  lumped  line  for  this  type  of  transient.  A  lower  limit  for 
the  number  of  sections  could  be  set  if  such  results  were  to  apply 
to  the  smooth  line  case  with  allowable  error. 

If  the  total  cable  capacitance  is  C,  and  resistance  Rt  the  three 
section  artificial  cable  is  as  shown  in  Fig.  5. 

Putting  for  brevity, 

C 


this  circuit  is  equivalent  to  that  of  Pig.  6. 


r 


n  Hi 


Fig.  5 — Three  Section  Artificial 
Cable 


Fig.  6 — Circuit  of 
Example  III 


This  is  a  case  of  charge,  to  be  treated  as  the  inverse  of  discharge 
from  the  final  state  attained.  We  are  interested  merely  in  the 
current  in  branch  III. 

In  the  steady  state  there  is  a  charge  in  condenser  I  with  ter- 

2  E  E 
minal  voltage:— =— f  and  in  condenser  II:  -5-. 

If  we  compute  the  discharge  current  of  each  of  these  conden- 
sers, by  the  method  of  the  previous  example,  and  find  the  pro- 
portional part  of  each  which  passes  through  branch  III,  we 
obtain  respectively, 


Zr 


E  €  rt 


3r 


amperes 


6r 


+ 


„  3T 

E_-T7 
6r 


amperes 
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In  the  steady  state  there  is  a  current  in  branch  III  of  value, 

amperes 


E 
3r 


Adding  to  this  the  negatives  of  the  two  discharge  currents 
above  gives  the  current  in  branch  III  due  to  the  sudden  applica- 
tion of  voltage, 

E  E 


tin  = 


3r 


-J-  p  -il 

_  €  rc  +  -£l  €  rc 


amperes 


Fro.  7-K««ved 


20  30  40 

time  in  micro  seconds 
Current  on  Grounded  Transmission   Line — 


Smooth  and  Lumped  Lines 

.    i,  ^ntilied  steady  voltage  at  home  end — 20  volts 
5u^Siitants  200  ohms— line  capacity  10«  farads 


OJ  m 


terms  of  total  constants 


fin 


£       2£  2R 


amperes 


^  part  of  this  example  is  treated  more  fully  in  the  appendix. 
;\  series  of  curves  of  this  type,  together  with  the  smooth  line 
from  Kelvin's  formula,  are  plotted  in-  Fig.  7  for  typical 


2i' 


APPENDIX 

Algebra  of  Example  III 
In  the  steady  state  condenser  I  (Fig.  5)  is  charged  to  potential 

^e  of  this  condenser  is  computed  as  follows: 
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Consider  branch  I  the  main  branch,  and  form  the  generalized 
impedance  of  the  network  by  combining  the  generalized  imped- 
ance of  the  elements  in  the  manner  of  simple  resistances. 

Zx  =  — -  h  —   ohms 

cn     _l_  ^  l  


r  + 


or  reducing, 


r2  c2  n*  +  4  r  c  n  +  3 
Zl  =     cn(2rcn  +  3)  °hms 


Equate  to  zero,  solve  for  n,  and  we  obtain  as  free  generalized 
angular  velocities, 

1 


ni  -  — 

rc 


hyp.  rad./sec. 

=  3_ 

1  r  c 

Differentiate  Zx  with  respect  to  «,  multiply  by  n,  and  we 
obtain  the  threshold  impedance.  It  is  well  to  use  for  this  pur- 
pose the  form  of  Zx  which  is  most  easily  differentiated. 

^         dZx  1  r2cn 

Tl  =  n~dT  =  "  77T  "  {2rcn  +  zy  ohms- 

This  threshold  impedance  has  two  values  corresponding  to  the 
two  free  generalized  angular  velocities  obtained  above.  Substi- 
tuting them  in  and  reducing,  there  results, 

Ti  -  2r 

ohms 

2  E 

Divide  the  initial  voltage,  "~g-»  by  each  of  these  values  of 

the  threshold  impedance  to  give  the  amplitudes  of  oscillation  of 
the  discharge  current: 

E 


amperes 

E 


220  BUSH:  OS  C  ILL  A  TING-CURRENT  CIRCUITS    [Feb.  15 

Associate  these  amplitudes  with  the  corresponding  generalized 
angular  velocities,  and  we  have  the  discharge  current  of  con- 
denser I: 

E      ""77    i      E  "re 

h  —  -q —  «       H  €  amperes. 

u  Y  f 


This  current  divides  among  the  several  branches  in  proportion 
to  their  generalized  admittances.  The  proportional  part  which 
passes  through  branches  II  and  III  is  thus, 


2r  +  — - 


numenc 


cn  +  — 
r 


and  of  this  the  part 

1 


numeric 
c  n 


goes  through  branch  III.  The  proportional  part  in  branch  III 
is  thus, 


1 

cn 

X   —  numeric 


2r+— ~T       r+  cn 

cn  H  

r 

or 

—  *  ,  0  numeric. 

2rcn  +  3 


This  ratio  again  has  two  values  corresponding  to  the  two  free 
values  of  n.  Substituting  these  we  obtain  for  the  ratio  the 
two  values, 

1  and  — ~ 


To  multiply  ix  by  the  ratio,  we  multiply  each  term  by  the  value 
of  the  ratio  which  corresponds  to  the  value  of  n  alreadyjinvolved 
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in  the  term.  In  this  manner  we  obtain  the  portion  of  the  dis- 
charge current  of  condenser  I  which  passes  through  branch  III : 

•  /       E        7c        E  ~77 

hn  =  Y7  €       ~~  37"  €  amperes. 

The  discharge  of  condenser  II  is  treated  in  like  manner. 

In  this  example  the  generalized  angular  velocities  contain  no 
imaginary  part.  In  the  more  general  case  with  inductance 
present,  the  generalized  angular  velocities  are  complex.  The 
method  of  procedure  is  identical  in  the  two  cases;  and  the  only 
difficulty  results  from  the  length  of  the  expressions  involved. 


List  of  Symbols  Employed 

A 

Amplitude  of  sinusoidally  varying  quantity. 

3 

The  pure  imaginary  V  —  1. 

€ 

Naperian  base.    2.718  .  .  . 

CO 

Angular  velocity.    Radians  per  second. 

t 

Time  in  seconds. 

n 

Generalized  angular  velocity.    Hyperbolic  ra- 

dians per  second.  L 

a 

Logarithmic  decrement.     Hyperbolic  radians 

per  second. 

C,c 

Capacitance.  Farads. 

L 

Inductance.  Henries. 

R,r 

Resistance.  Ohms. 

Z 

Generalized  impedance.    Ohms.  L 

T 

Threshold  impedance.    Ohms.  L 

E 

Initial  potential.  Volts. 

e 

Instantaneous  potential.  Volts. 

i 

Instantaneous  current.  Amperes 

L 

Sign  used  to  denote  a  complex  quantity. 
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Discussion  on  "Oscillating-Current  Circuits  by  the 
Methods  of  Generalized  Angular  Velocities"  (Bush), 
New  York,  February  15,  1917. 

A.  E.  Kennelly:  Mr.  Bush's  paper  points  out  a  simple  method 
of  making  the  oscillating-current  circuit  as  easily  managed  by 
engineers  as  the  alternating-current  circuit.  The  only  essential 
difference  is  that  the  coefficient  with  which  you  multiply  the 
inductance,  or  multiply  the  capacitance  of  a  circuit,  instead  of 
b^ing  a  pure  j  quantity,  or  a  pure  imaginary,  is  a  complex 
quantity,  which  contains  a  real  component. 

The  important  and  new  material  which  Dr.  Bush  presents 
here  is  the  threshold  impedance.  By  the  use  of  this  conception, 
you  are  enabled  to  obtain  the  initial  strength  of  the  oscillating 
current  in  the  circuit  at  a  time  when  the  impedance  has  to  be 
made  zero.  If  you  make  the  impedance  of  a  circuit  zero  you 
are  unable,  ordinarily,  to  determine  what  the  initial  current 
strength  of  discharge  will  be;  but  by  taking  this  threshold  value 
of  the  impedance  just  at  the  time  when  it  is  about  to  become 
zero  (the  disappearing  value,  so  to  speak),  you  are  able  in  the 
manner  in  which  he  shows  here  to  determine  the  starting-off 
current,  and  then  the  natural  decay,  using  the  real  part  of  the 
complex  angular  velocity,  to  determine  the  strength  of  the 
current  at  all  subsequent  times.  I  think  as  soon  as  this  method 
is  clearly  understood  by  engineers,  they  will  be  able  to  use  it 
with  great  effectiveness,  because'  it  destroys,  as  the  author  has 
said,  the  necessity  of  introducing  differential  equations  every 
time  we  have  an  oscillating-current  system  to  deal  with.  In 
the  early  days  of  the  a-c.  circuit,  we  all  had  to  start  off  with 
differential  equations,  and  get  the  solutions  of  an  alternating 
current  in  that  manner.  Since  then,  we  have  found  it  unneces- 
sary to  go  to  differential  equations,  we  have  reserved  that  for 
final  work  in  physics,  and  we  can  work  with  a  generalized  Ohm's 
law.  Now,  here  is  a  second  generalization  and  extension  of 
Ohm's  law,  whereby,  without  any  reference  to  differential  equa- 
tions, we  get  right  down  to  Ohm's-law  equations  of  an  oscillating- 
current  circuit  and  obtain  solutions  by  the  ordinary  method  of 
vector  arithmetic. 

C.  Fortescue:  It  appears  to  me  that  there  is  not  much  ad- 
vantage in  this  method  of  considering  the  free  oscillations  of 
a  network,  if  the  order  of  the  differential  equations  for  the  prob- 
lem tinder  consideration  is  beyond  the  third  order.  In  fact,  the 
method  is  really  based  on  the  use  of  differential  equations.  The 
generalized  angular  velocity  is  simply  an  equivalent  for  differen- 
tial operator  Dt  and  I  think  sometimes  that  we  lose  something  in 
adopting  a  narrower  method  of  dealing  with  these  problems  than 
that  of  differential  equations.  It  seems  to  me  that  on  a  new 
problem,  if  one  were  not  able  to  form  the  differential  equations 
of  the  system  some  difficulty  would  be  found  in  using  this  metht>d. 

H.  Fletcher:  I  would  like  to  inquire  whether  the  method  can 
be  used  in  cases  where  the  e.m.f.  was  different  from  the  steady 
e.m.f. 
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Thornton  C.  Fry:  I  want  to  call  attention  in  the  first  place 
to  the  fact  that  the  chief  element  of  interest  in  this  method  lies 
in  the  fact  that  it  brings  in  the  natural  periods  of  the  circuit  on 
the  application  of  the  e.m.f.  I  don't  think  there  are  many 
people  who  are  interested  in  a-c.  problems  who  have  not  known 
that  the  use  of  the  generalized  impedance  formula,  withjco,  was 
also  possible  where  the  alternating  e.m.f.  was  damped,  and  con- 
sequently dt  must  be  replaced  by  a  complex,  as  distinguished 
from  a  pure  imaginary  quantity. 

The  second  point  that  I  would  like  to  make  is  the  fact  that 
while  Mr.  Bush  has  given  a  proof  of  Heaviside's  formula  from 
the  point  of  his  Fourier  integral  on,  he  did  something  just  at 
the  time  of  introducing  his  Fourier  integral  which  is  not  justi- 
fied mathematically.  He  introduced  an  operator  in  the  integral 
sine.  That  is  equivalent  to  a  differentiation  in  the  sine  of 
integration,  or  an  integration  in  the  sine  of  integration,  or  more 
generally  a  combination  of  the  two;  and  at  the  same  time,  in 
having  thrown  mathematical  rigor  to  the  winds  at  that  point, 
he  would  have  been  justified  in  going  ahead  and  throwing  mathe- 
matical rigor  to  the  winds  further,  and  carrying  out  his  solution 
by  purely  operational  methods.  It  is  much  simpler,  and  un- 
doubtedly Mr.  Bush  has  done  that  for  himself.  The  method 
simply  consists  in  noting  that  the  rate  is  itself  a  fraction  intro- 
ducing D  only  to  integral  powers,  and  can  consequently  be 
expanded  into  a  series  of  partial  fractions.  Everybody  knows 
how  to  do  that,  but  everybody  does  not  know  Lorentz*  series; 
and  then  by  the  theory  of  Lamique,  with  which  the  author  seems 
to  be  familiar,  he  can  perfectly  well  integrate  each  one  of  those 
partial  fractions  and  come  to  the  result  that  he  has.  This  is  a 
thing  which  is  more  useful  for  the  practical  man,  because  he 
can  expand  a  long  series  of  partial  fractions,  but  he  cannot  know 
Lorentz*  series.  Of  course,  Mr.  Bush  can  do  that  by  introducing 
his  arbitrary  e.m.f.  as  distinguished  from  his  absolutely  constant 
e.m.f.,  but  in  each  case  he  would  have  to  carry  out  his  line  of 
reasoning  to  evaluate  the  residue,  this  function  at  the  various 
variants  in  order  to  be  able  to  write  down  his  Lorentz  series, 
which  is  entirely  unnecessary  by  the  other  method. 

V.  Bush:  On  the  first  point,  made  by  Mr.  Fortescue,  perhaps 
I  can  give  an  idea  of  the  amount  of  simplification  which  results 
from  the  use  of  this  method  by  quoting  one  problem.  Take  the 
case  of  an  inductively-coupled  circuit,  which  I  left  out  of  the 
paper,  because  I  believe  it  is  of  sufficient  importance  to  warrant 
special  treatment.  In  that  case  we  encounter  the  same  fourth 
degree  equation,  whether  we  solve  by  differential  equations  or 
by  threshold  impedance.  But  in  the  determination  of  the  con- 
stants of  integration,  in  the  differential  equation  method,  we  en- 
counter fourth  order  determinants  with  complex  members; 
whereas  in  the  case  of  using  the  threshold  impedance  it  is  merely 
a  question  of  substituting  our  complex  values  of  the  generalized 
angular  velocity  into  a  simple  algebraic  expression.    The  work 
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for  a  typical  circuit  I  believe  will  be  much  more  than  cut  in  half 
for  a  complete  solution. 

Now,  in  regard  to  whether  this  method  can  be  used  for  the 
study  of  the  application  of  other  voltages  than  the  steady 
voltage:  Heaviside,  I  believe,  does  this  in  a  few  special  cases. 
I  have  used  the  method  and  obtained  correct  results  in  the 
study  of  the  sudden  application  of  an  alternating  e.m.f.  to 
certain  simple  networks,  but  the  method  there  rapidly  becomes 
involved,  so  that  there  is  no  great  advantage. 

Concerning  the  rigor  of  Wagner's  proof  of  the  Heaviside 
formula:  I  shall  be  glad  to  study  this  proof  again.  My  purpose 
in  presenting  it  here  was  rather  to  show  the  limitations  of  the 
method  than  to  rigorously  establish  it. 

In  regard  to  the  expansion  of  the  operator  into  partial  frac- 
tions: I  think  you  will  find  that  for  circuits  with  lumped 
constants  the  threshold  impedance  method  will  be  shorter.  For 
circuits  with  distributed  constants,  to  which  the  method  can 
also  be  applied,  an  expansion  in  partial  fractions  I  have  found 
to  be  valuable;  in  fact,  I  have  found  it  to  be  superior. to  Heavi- 
side's  method  of  expansion  in  power  series;  but  for  the  ordinary 
network  with  lumped  constants  which  we  meet  in  practise,  I 
think  you  will  find  the  threshold  impedance  method  superior, 
the  difficulties  being  simply  algebraic  ones,  with  the  greater 
part  of  the  difficult  mathematical  work  left  out. 

A.  Press  (Communicated  after  adjournment) :  Mr.  Bush  has 
done  the  electrical  profession  a  very  great  service  in  drawing 
attention  to  the  Heaviside  Symbolic  Method  of  dealing  with 
Transient,  i.e.,  Impact  Phenomena.  The  paper  on  "Oscilla- 
ting Currents  by  the  Method  of  Generalized  Angular  Velocities0 
is  particularly  well  timed,  especially  since  the  "Shock  Problems" 
are  forcing  consideration  with  their  Transient  Oscillating  Cur- 
rents, whether  in  interconnected  power  circuits  or  in  heavy 
electrical  machinery.  However,  it  is  highly  regrettable  that  Mr. 
Bush  did  not  give  a  more  complete  theoretical  development  of 
the  Heaviside  operator  methods  used,  but  rather  assumed  that 
his  readers  were,  or  could  easily  become,  acquainted  with  them. 

A  more  detailed  exposition  would  have  brought  out  for  example 
that  Kirchoff 's  laws  are  being  interpreted  in  two  totally  different 
ways,  which  can  lead  to  error  if  care  is  not  taken.  In  the  case 
of  networks  it  is  very  important  to  state  that  Kirchoff 's  laws 
really  apply  to  instantaneous  values  and  it  is  only  by  means  of 
peculiar  extensions  that  a  so-called  "Ohms  Law"  very  much 
similar  to  the  direct-current  law  can  be  employed  in  practical 
problems. 

The  basis  of  all  such  symbolic  work  is  really  the  set  of  simul- 
taneous differential  equations  linking  up  the  current  in  the 
network,  and  from  which  the  resolved  expressions  of  current 
are  to  be  derived  algebraically  to  obtain  the  threshold  impedance 
factors.  Another  matter  dealt  with  is  the  proper  expression  for 
what  Mr.  Bush  calls  the  "Generalized  Velocities." 
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Undoubtedly  Mr.  Bush's  method  will  give  the  independent 
frequency  terms  but  to  obtain  the  amplitude  factors  it  is  still 
necessary  to  fall  back  on  the  fundamental  differential  equations 
of  the  net-work.  The  paper  is  replete  with  suggestions,  yet, 
because  the  import  of  Heaviside  methods  are  so  little  understood 
the  writer  takes  the  liberty  of  dilating  on  Mr.  Bush's  work  and 
incidentally  gives  a  simple  and  original  proof  of  Heaviside's 
famous  1 'Expansion  Theorem". 

The  Basis  for  Vectorial  Representation.  For  a  simple  circuit 
with  resistance  and  self  induction  the  differential  equation  is 

I  


 vw  ^ 

di        „x      i  R  53 


e  =  iR  +  L^-       (1)  4 


if  then 


i  =  I  sin* co  t,  then  substituting, 

e  =  J  R  sin  co  /  +  L  co  J  cos  co  /  (2) 

These  are  all  instantaneous  values  and  therefore  equation  (2) 
suggests  a  method  of  representing  the  relation  of  the  two  vari- 
ables e  and  i. 

If  the  amplitudes  J  and  E  are  to  be  taken,  then  geometrically 
one  can  represent  the  state  of  affairs  indicated  by  equation  (1) 

as  follows:    Where  a  is  the 
VE  angle  of  lag  between  E  and 

E  sin  (w  t  +  oc )  /  I  an(*  *s  a  constant  °f  the  cir- 

  |    cuit  depending  in  fact  upon 

~V~ ~ the  constants  occurring  in  the 
differential  equation  (1).  The 
*Twt  g  e  o.m  e  t  r  i  c  representation 

therefore  is  a  complete  solu- 
tion of  the  steady  case. 
Projecting  the  lines  E  and  J  upon  the  axis  at  right  angles 
to  the  one  from  which  co  /  is  reckoned  one  has 

e  =  E  sin  (co  /  +  a) 
i  =  J  sin  co  / 

and  therefore  it  is  required  to  show  that 

e  =  E  sin  (co  /  +  a)  =  /  R  sin  co  /  +  L  co  J  cos  co  /  (3) 

by  equation  (2).  Developing  sin  (w  t  +  a)  one  has  by  ordinary 
trigonometry 


e  =  E  sin  co  /  cos  a  +  E  cos  co  /  sin  a  =  I R  sin  co  /  +  L  a  I  cos  co/ 

(4) 
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If  then  (4)  is  true  it  will  be  true  for  co  /  =  0  and  f  or  co  /  =  w/2. 
Thus  for  co  /  =  w/2  one  has 

Ecosa  =  IR  (5) 

Again  f or  co  /  =  0  one  has. 

E  sin  a  =  L  I  co 

and  dividing  (6)  by  (6)  one  obtains 

sin  a  cos  a  =  tan  a  =  L  u)/R. 

Basis  for  Symbolic  and  Exponential  Representations.  However, 
because  we  are  dealing  with  sinusoids  we  have  the  following: 

d 

-7—  sin  co  t  =  co.  cos  co  / 
at 


(■£)- 
(4)' 
(-£-> 


s 

sin  co  /  =  —  co2.  sin  co  / 


s 

sin  co  /  =  —  co3.  cos  co  / 

4 

sin  co  /  =  co4.  sin  co  /,  etc. 


so  that  for  d/d  t  one  can  actually  replace  wjt  and  where  for  any 
even  power  of  j  one  is  entitled  to  write  j2  =  (V—  1)2  =  — 1, 
but  for  odd  powers  one  must  fall  back  upon  differentiation  when 
necessary. 

Thus/1  =  j*'j  —  —  \j  =  jjj-  because  equivalently 


17  =  W7 

Equation  (1)  above  can  therefore  be  written  algebraically 

e=  (R  +  Luj)i  (7) 

and  from  the  geometric  construction  one  can  write  (7)  vectori- 
ally  by  capitalization  and  dotting  as 

£  =  (R  +  L  coj)  / 

so  that  E  and  /  are  now  vectors  in  the  amplitude  time-phase 
plane.    The  multipliers  j  here  must  mean  that  a  line  L  co  is  to 
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be  drawn  perpendicular  to  R  which  latter  is  to  be  drawn  in  the 
direction  of  /  and  thereby  one  obtains  the  angle  a  and  the 
direction  of  E. 

The  quantity  j  therefore  is  an  in- 
dicator how  to  draw  the  quantity 
Leo  I,  for  L  coj  I  is  perpendicular  to 
the  quantity  I. 
There  is  however,  an  exponential 
'  I  method  of  representation,  for  since 
one  has  the  equation  (7) 

e  =  (R  +  L  coj)  i, 

and  by  ordinary  algebra 

co  t      co2  Z2      co3  /3 

LI     LA  13 


CO*  (*    .    CO4  t4       CO6  /6 


sin  co  / 
and  it  follows  that 


co3  /'  ,  co6  /5 
CO  /  — — — h 


/A    '  /_5_ 
i4        =  ^4  (cos  co  /  +  j  sin  co  /). 


The  utility  of  this  mode  of  representation  is  important. 

Any  vector  such  as  E  or  /  in  a  time-phase  diagram  can  always 
be  considered  as  made  up  of  two  components  at  right  angles 
to  each  other.  Thus  choosing  any  datum  line  for  co  /  one  can 
write 

/  =  /  (cos  co  t  +  j  sin  co  /) . 

Thus  when  one  writes  A  e'"'  it  really  means 

A  (cos  co  t  +  j  sin  co  t)  =  A  =  A  e>  * 1 

Then  co  is  the  "angular  velocity' ' 
2  T 

and  really  is  given  by  — jr  —  2wf. 

Of  course  here  the  amplitude  A  does 
not  vary  and  the  vector  A  keeps 
the  same  magnitude  but  only  varies  its  position  in  the  plane. 

The  current  vector  /  before  mentioned  could  be  written 
therefore 

/  =  (9) 


j  A  Sin  u)  t 

A  cos  w  t 


Such  a  wave  of  current  would  be  represented  by  a  true  sine  wave. 
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Bush's  Generalized  Exponential  Representation.  Supposing, 
however,  that  we  wish  to  represent  a  decremental  wave  com- 
ponent of  the  following  form: 


such  as  one  has  in  wireless  or  as  one  has  in  some  direct-current 
circuits  when  the  switch  is  suddenly  closed  or  opened  and  there 
is  considerable  capacity  and  self-induction.  A  wave  of  this 
type  is  represented  by 

i  =  /  e~at  sin  co  /,  or 

i  =  I  e~at  cos  co  t 

Here  counting  co  /  as  before  the  projection  of  the  constant  ampli- 
tude vector  /  upon  the  projection  axis  would  not  give  the  true 
instantaneous  value  because  as  /  continually  grows  in  co  /  it  is 
necessary  also  to  always  consider  the  amplitude  multiplying 
factor  e~at.  This  can  be  corrected  for  by  applying  the  factor 
e~at  to  each  position  of  the  original  amplitude  vector  Ie  as  in 
fact  this  original  amplitude  vector  travels  around. 

As  a  true  vectorial  representation  one  can  therefore  write 

Ic    /  =  e~at  Ie  (cos  co  /  +j  sin  co  /)  =  Ie  e"ate^tia 
=  Ic  =  Ice»'t 


where  n  is  a  complex  and  is  of  the  form 
Time  Datum  Line  n  =  -  a  +  j  u>. 

In  the  diagram  just  given  co  /  was  drawn  as  a  real  angle.  Sup- 
posing however,  that  it  is  assumed  that  in  some  imaginary 
geometric  system  complex  angles  of  the  form 


n           a     .  .  , 

—  =  :  h  w  =  7  a  +  CO 

J  J 

could  be  drawn  then  as  the  vector  Ic  travelled  around  according 
to  the  angular  velocity  j  a  +  co,  projecting  on  to  the  projecting 
axis  would  actually  give  the  time  instantaneous  values  of  i. 

The  complex  angular  velocity  should  strictly  speaking  be 
given  by  dividing  the  complex  exponent  in  e*"*  by  j  t  and  the 
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same  thing  should  hold  for  ent.  This  view  point  as  to  complex 
angles  is  not  Heavisidean  but  is  really  due  to  Mr.  Bush  in  his 
paper  except  for  the  fact  that  a  division  by  j  t  is  not  resorted 
to.    Thus  if  a  =  0,  the  amplitude  factor  is       =  1  then, 

n  =  j  co 

and  it  was  seen  that  co  was  called  the  angular  velocity  and  not 
j  co. 

Application  of  Generalized  Velocity  Components  to  Circuits. 
Now  take  the  equation  of  a  circuit  in  which  there  is  capacity, 

inductance  and  resistance,  if  i  is 
the  current  then  we  have  as  the 
voltage  across  the  resistance,  i  R: 
|L  for  that  across   the  inductance 


di 
dt 


=  n  Li  writing  n,  for  d/d  t; 


but  for  the  capacity  the  voltage  is  not  so  straight  forward,  if 
we  wish  to  express  the  voltage  in  terms  of  i  and  C.    We  have 

q  =  C  e9 

where  q  is  the  charge  and  C  is  the  capacity  in  farads  for  an 
impressed  e.m.f.  ec,  so  that 


d  q 
~dt 


d  ec 
dt 


=  n  C  ee,  since  n  = 


dt 


,  whence 


ec  = 


Cn 


The  equation  of  a  circuit  in  which  the  impressed  voltage  is 
zero  and  forms  the  right  hand  term  is  therefore 


+  Ln  + 


Cnf 


0 


(10) 


Heaviside's  Treatment  of  Zero  Operands.  An  equation  of  this 
type  is  to  be  solved  in  the  following  manner  by  Heaviside.  If 
both  sides  of  the  equation  are  operated  upon  with  what  really  is 


a  differential  operator  function,  +  n  L  +  -—^  ^ 
this  may  mean,  will  give 

(R+nL  +  ik)  \R  +  nL  +  -h)  i 


whatever 


-( 


R  +  nL  + 
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The  left-hand  side  gives  the  i  because  any  quantity  (or  opera- 
tion) in  ordinary  algebra  when  multiplied  by  its  reciprocal  is 
assumed  to  give  unity  and  therefore  one  has 

0  § 

i  =  j-  (11) 

where  it  must  now  be  understood  that  zero  is  the  operand  and 
corresponds  to  the  impressed  disrupted  voltage.* 

"Determinantal  Equation'9.  Resolution  into  Partial  Fractions. 
Supposing,  however,  the  right-hand  side  is  developed  in  partial 
fractions  then  algebraically  it  will  be  necessary  to  put 

R  +  nL  +  -I-  =  0 
Cn 

This  equation  of  condition  is  called  by  Heaviside  the  "Determin- 
nantal  Equation. "f 

As  an  equation  in  n  we  will  have 


R    ^  •  fJ  1       /  R  V 


CO 


so  that  by  the  rule  for  partial  fractions  one  can  write  (11)  as 

i  =  i\  +  ii  =  — ;— 7-^ — : — r  H  ,  /  °  ,  • — v  (12) 

n  +  (a  —  j  co)     n  +  (a  +  j  w) 

But  then  how  interpret  the  individual  fractions  ?{ 
Let  us  take  a  single  term  given  by 


4j.  +  («-i«)i1-0. 

The  solution  of  this  last  is  very  well  known  and  gives 

ii  =  A  e-t*-j»)l 

*For  fractions  of  this  type  compare  Perry's  Calculus,  page  238. 
fSee  also  Bush's  paper  page  209. 
JSee  Perry's  Calculus,  page  238. 

§One  must  be  very  careful  not  to  treat  the  numerator  zero,  in  such 
an  operator  function  as  still  zero  when  multiplied  by  any  function.  To 
do  so  will  result  in  wrong  amplitude  factors  or  determinantel  equations. 
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o  that  the  complete  solution  of  the  above  is  really 

i  =  {e-(*-j»)t  +  <>-(•+»<  }  a  =  A  e-at(e*'  +  <r*')§ 

=  ^4        cos  u>  / 

Turning  now  to  what  has  been  called  the  1  'Generalized  Angu- 
lar Velocity* 9  it  is  in  fact  nothing  other  than  what  constitutes 
the  roots  of  the  Determinantal  Equation  in  n  considered  as  an 
ordinary  algebraic  equation  and  divided  by  j.  This  is  the 
complex  "Generalized  Velocity"  of  Bush.  However,  n  itself  is 
not  a  generalized  velocity  but  rather  a  Heaviside-Operator 
function.  The  actual  velocity  assuming  the  resistance  to  be 
sufficiently  small  is  given  by, 


where  /  is  the  frequency  of  the  oscillations. 

Heaviside's  Expansion  Theorem.  Engineers  encounter  linear 
differential  equations  when  dealing  with  the  "Forced  Vibrations" 
of  a  steadily  applied  alternating  force  and  "Natural  Vibrations" 
set  up  by  the  shock  application  of  some  forcer.  The  latter  call 
for  evanescent  terms  which  mathematically  correspond  to  the 
"complementary  function"  whereas  for  that  part  corresponding 
to  the  steady  state  particular  solutions  are  found  necessary.* 

Heaviside's  Expansion  Theorem  is  directed  toward  determin- 
ing the  evanescent  terms  in  a  mechanical  or  electrical  dynamic 
system,  without  having  to  laboriously  evaluate  constants  as 
required  by  the  usual  methods  of  solutionf  Moreover  it 
allows  of  semi-graphic  methods  of  obtaining  the  amplitude 
coefficients  in  complicated  and  transcendental  expressions.  It  is 
especially  important  in  net  worksf  where  make  and  break 
contacts  are  made.  Yet  on  closer  examination  the  whole  com- 
plicated phenomenon  can  be  looked  upon  as  being  due  to  a 
series  of  transient  terms  'X'  having  their  origin  in  the  steepness 
of  the  voltage  curve  at  the  make  and  break  (really  the  comple- 
mentary solution  in  mathematics)  plus  a  term  due  to  the  steady 
variable  (or  non-variable)  state  corresponding  to  the  forced 
vibration.    The  latter  is  the  so-called  particular  solution. 

§See  Perry,  page  520. 

*See  Differential  Equations  by  Abraham  Cohen,  page  91. 
tSee  Heaviside,  E.  M.  T.  Vol.  II,  pages  127-129. 

{Alternate-current  networks  should  be  solved  by  means  of  Kirchoff's 
Laws  vide  Fleming.    Alternate  Current  Transformer,  Vol.  I,  page  234. 
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For  the  general  case  with  the  suddenly  applied  voltage  E0 
impressed  applied  to  a  circuit  of  which  the  differential  equation 
of  current  is 

F  (0).  i  =  fiot  (13) 
the  steady  state  will  be  given  by  placing  0  =  0  in  F  (0)  so  that 


isteady  =  — 5T*  (14)  • 

Zo 

where  Z0  means  F  (0)  in  which  0  is  put  equal  to  zero.  To  find 
the  transient  component  X  due  to  shock  one  has  by  (13)  and  (14) 

v       Eo        Ep       Zo  —  Z  /1K* 

x  =  —  -zT'-zTT*^  (15) 

In  general  all  the  terms  in  Z0  —  Z  will  contain  0  whence  di- 
viding by  0  one  can  write 

X  =  (Zo~  Zy^Z"\  0  Eo  (16) 


g    g 

Now  splitting  up  — ^*  into  partial  fractions  of  the  form 
u  Zn  Z 


24^/et*(')=w:F(*)  =  zthen 


where  0»  is  the  nth  root  of  the  determinantal  equation  F  (0)  =  0 
regarded  as  an  ordinary  algebraic  equation  in  0.  Since 

<P  (0)  =  (18) 

then  replacing  0  by  one  of  the  roots  it  follows  that  F  (0)  —  0 
and 

therefore    <p  (0)n  =  -j- ,  An  =  - — j^—  

 \d-dj\,.,n  

unter's  Integral  Calculus,  7th  edition,  page  2G. 
rmbol  0  is  used  for  d/dt. 
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X  = 


=  2 


  6  Ep 


(e—\ 

\    d  8  /o-o„ 


(19) 


As  already  pointed  out 


0  E0/(d  -  e%)  =  Eo.  g-f-^  =  £o  «•-« 


(20) 


and  therefore  finally,  for  the  transient  component  with  suddenly 
applied  voltage 


-*2 


dZ 
dO 


0=0 


which  expresses  Heaviside's  Expansion  Theorem. 

Application.  A  direct-current  voltage  is  suddenly  impressed 
upon  a  series  circuit  containing  inductance  resistance  and  capao 


1  R  0( 


ity.    The  differential  equation  is 


4f +"+4-J 


or 


i  = 


Eo 


Voltage 


j-  /j  i  n  i     1        Impedance  Operator 

Lfl  +  jR  +  r? 


Thus  for  the  impedance  operator  one  has 


z  =  L0  +  R  +  ih 


and  regarding  momentarily  Z  =  0  as  an  algebraic  equation  in 
0  the  roots  are 
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d  Z  1 
Thus  0  -j-g-  =  L  0  —  jtq-  and  therefore  for  the  transient 


current 


tz  =   ;  h 


L0\  —  -p)-K      L  02  — 


C  0,  2    C  02 

This  can  be  put  in  another  form,  since  in  developing  the  same, 
use  was  made  of  the  equation  Z  =  0  in  determining  the  roots. 
Thus 

L  0i  +  R  =  —        ;   L  d2  +  R  =  —  jr-Q  whence 


U     2L0l+R6     ^  2Ld2  +  R  ' 
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MODERN  PHYSICS 


BY  R.  A.  MILLIKAN 


IV  li  Y  POSITION  •  tonight  is  somewhat  reminiscent  of  a  story 
that  my  father  used  to  be  fond  of  telling  of  a  Scotch 
preacher  who  thought  that  all  of  the  italicised  words  in  the 
Holy  Writ  were  meant  to  be  emphasized,  and  so  he  read:  "And 
the  Prophet  said  unto  his  servants,  saddle  me  an  ass,  and  they 
saddled  him."  When  one  of  his  parishioners  expostulated  with 
him  and  told  him  that  he  didn't  think  that  was  really  what  was 
meant,  he,  being  a  Scotchman,  kept  his  own  opinion,  but  being 
more  or  less  politic,  he  said  he  would  change  it,  and  so  the  next 
time  he  read:  "And  the  Prophet  said  unto  his  servant,  saddle 
me  an  ass,  and  they  saddled  him."  (Laughter.) 

The  point  of  the  story  is  that  it  doesn't  make  any  difference 
where  the  emphasis  is  placed,  the  situation  remains  entirely 
unchanged.  I  am,  however,  really  glad  to  be  saddled  tonight, 
because  I  should  like  to  do  a  little  bit,  if  I  can,  towards  bridging 
the  chasm  which  we  have  foolishly — I  had  almost  said  idiotically 
— allowed  to  grow  up  between  the  physicist  and  the  applied 
physicist,  whox  commonly  is  called  an  engineer.  The  chemists 
have  been  very  much  more  sensible,  they  have  not  split  up 
into  two  groups,  called  chemists  and  applied  chemists,  and  there  is 
absolutely  no  more  reason  why  we  should  have  done  so,  because 
obviously  the  physicist  is  merely  the  vanguard  in  the  army  of 
engineers,  the  scout,  the  explorer,  who  is  given  the  task  of  trying 
to  open  up  new  paths  for  human  progress,  of  prospecting  for 
new  leads  to  nature's  gold,  and  it  is  just  as  important  that  the 
engineer  know  where  he  is  and  what  he  is  doing  as  it  is  that  he 
know  where  the  army  is  which  is  behind  and  which  supports 
him. 

If  you  have  any  respect  for  my  subject  or  any  respect  for  me, 
you  will  not  expect  me  to  outline  in  the  space  of  one  brief  hour 
the  work  of  modern  physics.  It  is  utterly  impossible  to  do,  and 
I  can  say  that  without  affecting  an  inordinate  egotism.  I  had 
the  good  fortune  to  listen  a  little  while  ago  to  a  series  of  lectures 
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by  our  honored  ex-President,  Mr.  Taft,  on  "The  Executive 
Power, "  and  he  said  in  those  lectures  that  his  friend,  Mr. 
Roosevelt,  had  somewhere  classified  the  Presidents  of  the  United 
States  into  two  groups,  the  first,  the  group  that  had  interpreted 
the  executive  power  broadly  and  exercised  it  largely,  and  the 
second,  the  group  that  had  interpreted  it  narrowly  and  exercised 
it  sparingly,  and  he  said  that  he  began  the  first  group  with  Lin- 
coln and  closed  it  with  himself,  and  that  he  began  the  second 
group  with  Buchanan  and  closed  it  with  myself — that  is,  with 
Mr.  Taft.  Then,  with  his  inimitable  chuckle,  Taft  said,  "That  % 
reminds  me  of  a  story  about  a  little  boy  who  came  home  from 
school  and  said,  'Papa,  did  you  know  I  was  the  brightest  student 
in  class?'  His  father  replied,  'No,  I  didn't  know  it.  When 
did  the  teacher  tell  you  so  ?' 

"The  boy  answered,  'The  teacher  didn't  tell  me  so,  I  just 
noticed  it  myself.'  "  (Laughter.) 

If  I  appear  at  all  in  what  I  say  to  have  just  noticed  it  myself, 
I  beg  of  you  at  any  rate  to  believe  me  that  the  appreciation  is 
an  appreciation  of  the  subject,  of  the  method  that  it  uses,  of 
the  spirit  that  underlies  it,  and  of  the  results  that  have  actually 
flowed  from  it,  and  not  an  appreciation  of  any  individual  or 
group  of  individuals. 

The  spirit  of  modern  science  is  something  relatively  new  in 
the  world's  history,  and  I  want,  as  an  introduction  to  the  main 
address,  to  give  an  analysis  of  what  it  is.  I  want  to  take  you 
up  in  an  aeroplane  which  flies  in  time  rather  than  in  space,  and 
look  down  with  you  upon  the  high  peaks  that  distinguish  the 
centuries,  and  let  you  and  me  see  together  what  is  the  distin- 
guishing characteristic  of  this  century  in  which  we  live.  I  think 
there  will  be  no  question  at  all,  if  you  get  far  enough  out  of  it 
so  that  you  can  see  the  woods,  without  having  your  vision 
clouded  by  the  proximity  of  the  trees,  that  the  thing  which  is 
characteristic  of  our  modern  civilization  is  the  spirit  of  scien- 
tific research — a  spirit  which  first  grew  up  in  the  subject  of 
physics,  and  has  spread  from  that  to  all  the  other  subjects  of 
modern  scientific  inquiry. 

That  spirit  has  three  elements.  The  first  is  a  philosophy, 
the  second  is  a  method,  and  the  third  is  a  faith.  Look  first  at 
the  philosophy.  I  say  that  is  new  for  the  reason  that  all  prim- 
itive peoples,  and  many  that  are  not  primitive,  have  held  a 
philosophy  that  is  both  animastic  and  fatalistic.  Every  phe- 
nomenon which  is  at  all  unusual  or  for  any  reason  not  immed- 
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iately  intelligible  used  to  be  attributed  to  the  direct  action  of 
some  invisible  personal  being.  Witness  the  peopling  of  the 
woods  and  streams  with  spirits  by  the  Greeks;  the  miracles  and 
possession  by  demons  of  the  Jews ;  the  witchcraft  manias  of  our 
own  Puritan  forefathers,  only  two  or  three  hundred  years  ago. 

Now,  that  a  supine  fatalism  results  from  such  a  philosophy  is 
to  be  expected,  for  according  to  it  everything  that  happens 
is  the  will  of  the  gods,  or  the  will  of  some  more  powerful  beings 
than  ourselves.  And  so,  in  all  the  ancient  world,  and  in  much 
of  the  modern  also,  three  blind  fates  sit  down  in  dark  and  deep 
inferno  and  weave  out  the  fates  of  men.  Man  himself  is  not  a 
vital  agent  in  the  march  of  things,  he  is  only  a  speck,  an  atom 
which  is  hurled  hither  and  thither  in  the  play  of  mysterious, 
titanic  uncontrollable  forces. 

Now,  the  philosophy  of  physics,  a  philosophy  which  was  held 
at  first  timidly,  always  tentatively,  always  as  a  mere  working 
hypothesis,  but  yet  held  with  ever  increasing  conviction  from 
the  time  of  Gallileo,  when  the  experimental  method  may  be  said  to 
have  had  its  beginnings,  clear  up  to  the  present  time,  is  the 
exact  antithesis  of  the  above.  Stated  in  its  most  sweeping  form 
it  holds  that  the  universe  is  ultimately  rationally  intelligible, 
no  matter  how  far  from  a  complete  comprehension  of  it  we  may 
now  be  or  indeed  may  ever  come  to  be.  It  believes  in  the 
absolute  uniformity  of  nature.  It'  views  the  world  as  a  mech- 
anism, every  part  and  every  movement  of  which  fits  in  some 
definite,  invariable  way,  into  the  other  parts  and  the  other 
movements;  and  it  sets  itself  the  inspiring  task  of  studying 
every  phenomenon  in  the  confident  hope  that  the  connections 
between  it  and  other  phenomena  can  ultimately  be  found.  It 
will  have  naught  of  caprice  in  nature.  It  looks  askance  at 
mysticism  in  all  its  forms  whether  put  forth  by  Dionysus  in 
Greece  in  300  B.  C.  or  by  the  devotees  of  Bergson  in  Paris  in 
1915.  That  is  the  spirit,  the  attitude,  the  working  hypothesis  of 
all  modern  science,  and  let  me  say  that  this  philosophy  is  in  no 
sense  materialistic,  because  good,  and  mind,  and  soul,  and 
moral  values,  which  is  only  another  word  for  God,  these  things 
are  all  here  just  as  truly  as  are  any  physical  objects,  and  with 
that  kind  of  a  creed  they  must  simply  be  inside  and  not  outside 
of  this  matchless  mechanism. 

Second,  as  to  the  method  of  science,  it  is  a  method  practically 
unknown  to  the  ancient  world;  for  that  world  was  essentially 
subjective  in  all  its  thinking  and  built  up  its  views  of  things 
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largely  by  introspection.  The  scientific  method  on  the  other 
hand  is  a  method  which  is  completely  objective.  It  is  the  method 
of  the  working  hypothesis  which  is  ready  for  the  discard  the  very 
minute  it  fails  to  work.  It  is  the  method  which  believes  in  a 
minute,  careful,  wholly  dispassionate  analysis  of  a  situation; 
and  any  physicist  or  engineer  who  allows  the  least  trace  of 
prejudice  or  preconception  to  enter  into  his  study  of  a  given 
problem  violates  the  most  sacred  duty  of  his  profession.  This 
present  cataclysm  which  has  set  the  world  back  a  thousand 
years  in  so  many  ways,  has  shown  us  the  pitiful  spectacle  of 
scientists  who  have  forgotten  completely  the  scientific  method, 
and  have  been  controlled  simply  by  prejudice  and  by  precon- 
ception. This  is  no  reflection  on  the  scientific  method,  it  merely 
means  that  these  men  have  not  been  able  to  carry  over  the 
methods  they  use  in  their  science  into  all  the  departments  of 
their  thinking.  The  world  has  been  controlled  by  prejudice  and 
emotionalism  so  long  that  reversions  still  occur,  but  the  fact 
that  these  reversions  occur  after  all  does  not  discredit  the  scien- 
tist, or  make  him  disbelieve  in  his  method.  Why?  Simply 
because  that  method  has  worked,  it  is  working  today,  and  its 
promise  of  working  tomorrow  is  larger  than  it  has  ever  been 
before  in  the  world's  history.  Do  you  realize  that  within  the 
life  time  of  men  now  living,  within  a  hundred  years,  or  one 
hundred  and  thirty  years  at  most,  all  the  external  conditions 
under  which  man  lives  his  life  on  this  earth  have  been  more 
completely  revolutionized  than  during  all  the  ages  of  recorded 
history  which  proceeded?  My  great  grandfather  lived  essen- 
tially the  same  kind  of  a  life,  so  far  as  external  conditions  were 
concerned,  as  did  his  Assyrian  prototype  six  thousand  years 
ago.  He  went  as  far  as  his  own  legs  or  the  legs  of  his  horse 
could  carry  him.  He  dug  his  ditch,  he  mowed  his  hay,  he  did 
all  the  operations  of  his  industrial  life,  with  the  power  of  his 
own  two  arms,  or  the  power  of  his  wife's  two  arms,  with  an 
occasional  lift  from  his  horse  or  his  ox.  He  carried  a  dried 
potato  in  his  pocket  to  keep  off  rheumatism,  and  he  worshiped 
his  God  in  almost  the  same  superstitious  way.  It  was  only  in 
the  beginning  of  the  nineteenth  century  that  the  great  dis- 
covery of  the  ages  began  to  be  borne  in  upon  the  consciousness 
of  mankind  through  the  work  of  a  few  patient,  indefatigable 
men  who  had  caught  the  spirit  which  Gallileo  perhaps  first 
notably  embodied,  and  passed  on  to  Newton,  to  Franklin,  to 
Faraday,  to  Maxwell,  and  to  the  other  great  architects  of  the 
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modern  scientific  world  in  which  we  live, — the  discovery  that 
man  is  not  a  pawn  in  a  game  played  by  higher  powers,  that 
his  external  as  well  as  his  internal  destiny  is  in  his  own  hands. 
You  may  prefer  to  have  me  call  that  not  a  discovery  but  a  faith. 
Very  well!  It  is  the  faith  of  the  scientist,  and  it  is  a  faith  which 
he  will  tell  you  has  been  justified  by  works.  Take  just  this  one 
illustration,  suggested  by  the  opening  remarks  of  your  President. 
In  the  mystical,  fatalistic  ages  which  preceded,  electricity  was 
simply  the  agent  of  inscrutable  Providence;  it  was  Elijah's  fire 
from  Heaven  sent  down  to  consume  the  enemies  of  Jehovah; 
or  it  was  Jove's  thunderbolt  hurled  by  an  angry  God;  and  it 
was  just  as  impious  to  study  so  direct  a  manifestation  of  God's 
power  in  the  world  as  it  would  be  for  a  child  to  study  the  strap 
with  which  he  is  being  punished,  or  the  mental  attributes  of 
the  father  who  is  behind  the  strap.  It  was  only  one  hundred  and 
fifty  years  ago  that  Franklin  sent  up  his  famous  kite,  and  showed 
that  these  thunder  bolts  were  identical  with  the  sparks  which 
he  could  draw  on  a  winters  night  from  his  cat's  back.  Then, 
thirty  years  after  that  Volta  found  that  he  could  manufacture 
these  same  thunderbolts  artificially  by  dipping  dissimilar  metals 
into  an  acid.  And,  thirty  years  farther  along  Oersted  found 
that  those  same  thunderbolts  when  tamed  and  running  noise- 
lessly along  a  wire  would  deflect  a  magnet,  and  with  that  dis- 
covery the  electric  battery  was  born,  and  the  erstwhile  blustering 
thunderbolts  were  set  the  inglorious  task  of  ringing  house  bells, 
primarily  for  the  convenience  of  womankind.  Then  ten  years 
later  Faraday  found  that  all  he  had  to  do  to  obtain  a  current 
was  to  move  a  wire  across  the  pole  of  a  magnet,  and  in  that 
discovery  the  dynamo  was  born,  and  our  modern  electrical  age, 
with  its  electric  transmission  of  power,  its  electric  lighting,  its 
electric  telephoning,  electric  toasting,  electric  foot  warming 
electric  milking, — all  that  is  an  immediate  and  inevitable  con- 
sequence of  that  discovery— a  discovery  which  grew  out  of  the 
faith  of  a  few  physicists  that  the  most  mysterious,  most  capri- 
cious and  the  most  terrible  of  natural  phenomena  is  capable  of 
a  rational  explanation  and  ultimately  amenable  to  human  control. 

In  that  statement,  I  have  revealed  the  top  root  of  the 
civilization  of  the  nineteenth  century.  Add  to  it  a  bit  to  cover 
the  harnessing  of  steam,  and  the  development  of  the  principle 
of  the  conservation  of  energy,  and  you  have  an  epitome  of  the 
progress  of  the  nineteenth  century.  It  all  grew  out  of  the  ap- 
plication of  a  few,  a  relatively  few,  discoveries  as  to  the  way  in 
which  nature  works. 
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And  at  the  end  of  the  nineteenth  century  there  were  many  of 
us  physicists  and  engineers  who  thought  that  all  the  great 
discoveries  had  been  made.  It  was  a  common  statement  that 
this  was  so.  I  heard  it  publicly  made  in  1894,  and  yet  within  a 
year  of  that  time  I  happened  to  be  present  in  Berlin  at  the  meet- 
ing of  the  Physical  Society  at  which  Roentgen  showed  his  first 
photographs,  and  since  that  time  we  have  had  a  whole  new 
world,  the  very  existence  of  which  was  undreamed  of  before, 
opened  up  to  our  astonished  eyes.  We  have  found  a  world  of 
electrons  which  underlies  the  world  of  atoms  and  molecules 
with  which  we  had  been  familiar,  and  the  discoveries  in  that  world 
have  poured  in  so  rapidly  within  the  last  twenty  years  that  there 
are  no  two  decades  in  human  history  that  compare  at  all  with 
them  in  the  rapidity  of  the  advance.  And  these  discoveries 
have  been  made  too  for  the  most  part  by  groups  of  men  interested 
merely  in  finding  out  how  nature  works.  They  have  been 
made  almost  exclusively  by  college  professors;  and  for  ten  years 
they  remained  the  exclusive  property  of  these  professors.  What 
has  happened  in  the  last  ten  years?  The  industrial  world  has 
fallen  over  itself  in  the  endeavor  to  get  hold  of  these  advances, 
and  by  their  aid  it  has  increased  ten-fold  the  power  of  the  tele- 
phone, it  has  obtained  four  or  five  times  as  much  light  as  we 
got  a  few  years  ago  out  of  a  given  amount  of  electrical  power, 
it  has  developed  new  kinds  of  transformers  the  existence  of 
which  was  never  dreamed  of  before — all  these  things  are  coming 
now,  it  is  not  in  the  distant  future,  that  we  are  going  to  find  the 
applications;  we  have  found  in  the  last  five  years  a  great  quantity 
of  them,  and  how  many  more  are  going  to  come,  no  man  can  tell. 

And  yet  we  must  not  focus  our  attention  too  intently  upon  the 
utility  of  a  discovery.  Did  you  ever  hear  the  story  of  what 
happened  when  Faraday  was  making  before  the  Royal  Society, 
in  1831  that  experiment  to  which  your  Chairman  referred.  He 
performed  his  experiment,  and  then  explained  it.  It  was  simple, 
it  did  not  look  particularly  interesting.  One  saw  only  a  de- 
flection of  a  needle.  And  some  woman  in  the  audience  said, 
aBut  Prof.  Faraday,  of  what  use  is  it  ?"  His  reply  was,  "Madam 
will  you  tell  me  of  what  use  is  a  new  born  babe?" — and  what  a 
reply  it  was?  Infinite  possibilities — possibilities  which  may 
indeed  not  be  realized,  but  at  any  rate  something  altogether  new. 
Faraday  did  not  care  of  what  immediate  use  that  new  thing  was, 
for  he  was  one  of  the  great  souls  who  had  caught  the  spirit  of 
Gallileo.    He  knew  that  human  progress  depends  primarily 
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upon  the  growth  of  the  human  mind,  the  ability  of  man  to  get 
hold  of  nature.  The  utilities  might  come,  they  always  do 
come,  but  they  generally  crop  out  as  by-products,  and  the  man 
who  has  got  his  mind  fixed  merely  on  utilities  is  simply  the  man 
who  kills  the  hen  to  get  the  golden  egg.  I  have  just  as  much 
respect  for  utilities  as  you  or  anybody  has,  I  believe  that  nothing 
is  worth  while  except  as  it  contributes  in  the  end  to  human 
progress,  but  the  difficulty  is  you  cannot  tell,  nor  can  I  or  any- 
body else  tell  what  is  going  to  contribute  to  human  progress. 
The  thing  that  is  important  is  that  the  human  mind  should  grow. 
That  is  the  sine  qua  non  of  progress.  At  the  Capitol  in  Harris- 
burgh  there  is  a  picture  by  Sir  Edwin  Abbey,  which  is  entitled, 
"Wisdom,  or  the  Spirit  of  Science."  It  consists  of  a  female 
veiled  figure  with  the  forked  lightnings  in  one  hand,  and  in  the 
other  the  owl  and  the  serpent,  the  symbols  of  mystery;  and 
beneath  is  the  inscription, — 

ul  am  what  is,  what  hath  been  and  what  shall  be. 
My  veil  has  been  disclosed  by  none 
What  I  have  brought  forth  is  this:  The  sun  is  born." 

It  is  to  lighten  man's  understanding,  to  illuminate  his  path 
through  life,  and  not  merely  to  make  it  easy,  that  science  exists. 
Hence,  if  you  ask  me  what  are  the  utilities  of  the  particular  cate- 
gory of  discoveries  which  I  am  going  to  run  over  here  very  rap- 
idly, I  may  be  able  to  tell  you  of  a  good  many  of  them,  but  I  shall 
not  try  to  catalogue  them  all,  because  that  is  not  where  our 
immediate  interest  lies,  It  is  "where  there  is  no  vision"  That 
"the  people  perish." 

Finally ,  before  launching  upon  the  sea  of  recent  discovery,  I 
wish  to  make  one  more  remark  about  the  method  of  science, 
namely  this:  The  progress  of  science  is  almost  never  by  the 
process  of  revolution.  You  see  a  great  deal  in  your  news- 
paper headings  about  revolutionary  discoveries.  They  almost 
never  happen.  Thus  when  the'  atom  was  found  not  to  be  an 
ultimate  but  a  divisible  thing,  there  was  no  revolution,  there 
was  not  a  single  law  that  had  to  be  given  up.  We  had 
simply  opened  up  a  new  field,  tapped  a  new  lead,  found  an 
unexplored  region,  a  sub-atomic  region,  and  all  that  was  above 
it  remained  just  exactly  as  it  had  been,  and  no  chemist  had  any 
occasion  to  be  disturbed,  for  the  chemists'  laws  were  just  as 
precise  as  they  had  been  before.  Sometimes  we  do  indeed 
find  that  we  have  generalized  too  far,  and  that  some  law  which 
we  had  supposed  to  be  of  universal  application  is  limited  in  its 
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scope,  but  this  does  not  alter  the  fact  that  the  growth  of  science 
is  in  general  by  a  process  of  accretion,  almost  never  by  that  of 
revolution.  Once  in  a  while  we  have  something  revolutionary, 
but  not  often. 

Let  me  now  run  over  a  list  of  ten  discoveries  which  I  will  call 
the  ten  most  important  advances  of  the  last  twenty  years.  I 
will  not  keep  you  long  upon  them,  I  will  just  touch  upon  them, 
because  I  could  spend  the  whole  evening  on  any  one  of  them. 

We  may  aptly  characterize  the  physics  of  the  last  twenty 
years  as  the  physics  of  atomism,  and  the  first  discovery  on  my 
list  of  ten  advances  is  the  recent  verification  of  the  adumbrations 
of  the  Greeks  regarding  the  atomic  and  the  kinetic  theories — 
the  proof  that,  as  'Democritus  had  imagined  500  B.  C,  this 
world  does  indeed  consist,  in  every  part  of  it,  of  matter  which  is 
in  violent  motion. 

Up  to  within  six  years  there  were  not  a  few  distinguished 
scientists  who  withheld  their  allegiance  even  from  these  atomic 
and  kinetic  theories  of  matter.  The  most  illustrious  of  them 
was  Professor  Wilhelm  Ostwald,  but  in  the  preface  to  a  new 
edition  of  his  Outlines  of  Chemistry  he  now  says  frankly: 

"I  am  convinced  that  we  have  recently  become  possessed  of 
experimental  evidence  of  the  discrete  or  grained  nature  of  matter 
for  which  the  atomic  hypothesis  sought  in  vain  for  hundreds 
and  thousands  of  years.  The  isolation  and  counting  of  gaseous 
ions  on  the  one  hand ....  and  on  the  other  the  agreement  of  the 
Brownian  movements  with  the  kinetic  hypothesis. .  .  .justify 
the  most  cautious  scientist  in  now  speaking  of  the  experimental 
proof  of  the  atomic  theory  of  matter.  The  atomic  hypothesis  is 
thus  raised  to  the  position  of  scientifically  well-founded  theory." 

I  think  you  all  know  what  the  Brownian  Movements  are  but 
I  wish  especially  to  call  attention  to  the  fact  that  this  advance 
was  made  not  by  a  practical  man,  but  by  a  man  who  never  did 
any  experimental  work  in  his  life,  Einstein,  a  mathematician,  a 
man  who  was  capable  of  analyzing  a  theory  and  predicting 
results,  and  the  experimentalists  have  checked  those  results. 
The  results  consist  in  predicting  how  far  a  given  particle  that 
you  can  see  in  an  ultra  microscope  will  drift  in  a  given  time,  and 
our  own  experiments  have  checked  this  prediction  to  within 
one-half  per  cent.  It  is  that  sort  of  evidence  that  has  convinced 
Ostwald  of  the  correctness  of  the  kinetic  and  the  atomic  theories. 

The  second  advance  is  the  proof  of  the  divisibility  of  the  atom, 
a  proof  which  grew  out  of  the  discovery  of  X-rays.     Let  me 
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tell  you  how.  If  you  have  here  two  plates  with  an  electric 
field  between  them,  and  nothing  else  but  a  monatoraic  gas  like 
helium,  then  it  is  found  that  when  the  field  is  thrown  on  the 
helium  is  perfectly  stagnant,  but  when  a  beam  of  X-rays  is 
shot  between  the  plates  some  of  the  molecules  become  electric- 
ally charged  and  begin  to  jump,  some  of  them  toward  the  upper 
plate  and  some  toward  the  lower  plate,  where  their  presence  can 
be  detected  by  an  electrical  measuring  instrument.  What  does 
that  show?  It  shows  that  the  thing  which  we  call  an  atom  has 
electrical  charges  as  its  constitutents;  and  the  history  of  the 
last  twenty  years  in  physics  has  consisted  pretty  largely  in 
determining  what  are  the  properties  of  these  electrical  constit- 
uents. 

The  third  is  the  discovery  of  radio-activity  >  which  occurred 
just  a  little  after  the  discovery  of  X-rays.  And  here  again  we 
found  matter  doing  things  we  had  never  dreamed  it  was  doing 
viz:  shooting  off  from  itself  both  negatively  and  positively 
charged  particles,  the  negatives  with  a  speed  which  may  ap- 
proach close  to  the  velocity  of  light,  186,000  miles  per  second,  and 
positives  with  a  speed  of  one-tenth  of  that,  or  18,000  miles.  The 
fact  that  such  speeds  could  be  imparted  to  projectiles  of  any  kind 
was  undreamed  of  twenty  years  ago. 

The  fourth  discovery  that  I  wish  to  mention  is  the  discovery 
of  the  atomicity  of  electricity,  the  proof  that  the  thing  we  call 
electricity  is  built  up  out  of  a  definite  number  of  specks  of  elec- 
tricity, all  exactly  alike,  and  that  what  we  call  an  electrical  current 
consists  simply  in  the  journey  along  the  conductor  of  these 
electrical  specks,  which  we  may  call  with  perfect  justice  definite 
material  bodies.  Now,  I  can  give  you  in  just  a  word  the  proof 
of  that  statement.  There  are  half  a  dozen  ways  in  which  it 
could  be  approached.  I  will  mention  the  one  with  which  I  am 
most  familiar,  because  it  is  the  particular  proof  which  we  worked 
out  at  our  laboratory. 

We  took  these  plates  with  a  field  of  10,000  volts  between 
them,  with  a  little  hole  in  the  top  plate,  and  we  blew  an  oil 
spray  above  the  top  plate  so  as  to  get  an  electrically  charged 
body  just  as  small  as  we  could,  for  we  expected  that  the  frictional 
process  involved  in  blowing  the  spray  would  charge  the  drops, 
which  it  was  found  to  do.  We  let  one  of  those  drops  come  into 
the  space  between  the  plates  and  then  moved  it  up  and  down 
by  an  electrical  field,  throwing  on  the  field  as  it  came  close  to 
the  bottom  plate,  and  throwing  it  off  as  it  approached  the  upper 
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one,  and  so  we  kept  that  oil  drop  going  up  and  down  between 
the  plates,  in  the  hope  that  it  would  capture  some  of  the  ions 
which  we  knew  existed  in  the  air,  put  there  by  radium  or  other 
agencies.  The  drop  met  our  fullest  expectations  as  a  police 
officer  capturing  ions  frequently  and  signalling  the  fact  of  each 
capture  to  the  observer  by  the  change  in  its  speed  in  the  field. 
For  the  oil  drop  is  an  electrically  charged  body,  and  in  a  given 
field  it  moves  with  a  definite  speed.  If  however  it  captures  an 
ion,  its  charge  increases  or  decreases,  and  hence  its  speed  in- 
creases or  decreases.  If  the  charges  on  ions  are  all  alike,  then 
we  can  only  get  one  particular  change  in  speed.  If  the  charge 
that  is  already  upon  it,  put  there  by  the  frictional  process,  is 
built  up  out  of  these  same  units,  then  the  total  speed  which  the 
field  will  impart  must  be  an  exact  multiple  of  the  change  in  speed 
which  the  capture  of  an  ion  produces.  In  other  words,  if  elec- 
tricity is  atomic  in  structure,  you  cannot  get  in  a  given  field 
anything  except  a  definite  number  of  speeds,  which  will  make  an 
arithmetical  series,  that  is,  will  come  up  by  steps,  one,  two,  three, 
etc.  That  is  exactly  what  we  found.  We  have  experimented 
with  thousands  of  drops  and  scores  of  different  substances,  and 
they  always  work  exactly  that  way.  Both  positively  and 
negatively  charged  drops  are  found  to  act  in  quite  the  same  way, 
showing  that  both  positive  and  negative  electrical  charges  are 
built  up  of  specks  of  electricity.  Further  we  can  count  the 
number  of  those  specks,  which  we  will  call  electrons,  in  a  given 
drop,  with  the  same  certainty  with  which  you  can  count  the 
number  of  fingers  that  are  before  you  now.  And  again  since 
Rowland  showed  that  an  electrical  current  is  nothing  but  a 
charge  in  motion,  you  have  here  the  proof  that  the  electrical 
current  that  goes  through  these  lamps,  for  example,  is  nothing 
except  the  motion  of  a  certain  number  of  electrical  specks 
through  or  over  the  filament  of  the  lamp.  Add  to  that  J.  J. 
Thomson's  discovery  made  in  1881,  that  an  electrical  charge 
possesses  inertia,  the  only  distinguishing  property  of  matter,  and 
you  have  made  it  perfectly  legitimate  to  say  that  an  electrical 
current  in  a  wire  is  a  definite,  material,  granular  something  which 
is  moving  along  that  wire. 

The  fifth  great  discovery  of  modern  physics  is  the  bringing 
forward  of  evidence  for  the  electrical  origin  of  mass.  I  have 
just  said  that  electricity  is  material.  Can  we  turn  it  around, 
and  say  that  all  matter  is  electrical  in  origin?  The  last  is  not 
exactly  the  same  as  the  first,  and  it  needs  evidence.    When  we 
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have  proved  that  an  electrical  charge  possesses  inertia  or  mass 
we  have  not  shown  that  there  is  no  inertia  in  matter  which  is  not 
electrical  in  its  origin?  Now  we  have  a  certain  amount  of  evi- 
dence upon  this  point  and  I  wish  to  state  what  that  evidence  is. 
We  can  measure  the  inertia  of  the  negative  electron  and  it  is 
found  to  be  T^VT  of  the  inertia  of  a  hydrogen  atom,  but  the 
positive  electron  is  never  found  with  an  inertia  less  than  the  iner- 
tia of  a  hydrogen  atom.  Let  us  consider  the  inertia  of  the 
negative.  So  long  as  it  is  moving  slowly  compared  with  the 
speed  of  light  its  inertia  remains  constant  because  the  shape  of 
its  electromagnetic  field  is  not  appreciably  distorted  by  its 
motion.  But  as  soon  as  you  imagine  it  to  be  moving  with 
a  speed  which  is  close  to  the  speed  of  light,  that  is  with  a  speed 
which  is  nearly  as  great  as  the  speed  with  which  its  own  electro- 
magnetic field  can  travel  forward,  then  further  change  in  speed 
will  distort  the  field  and  hence  change  the  inertia.  In 
other  words,  the  inertia  of  a  charge  ought  to  be  a  function 
of  speed  only  when  the  speed  approaches  the  speed  of  light. 
As  a  matter  of  fact,  when  it  is  from  0.1  up  to  0.9  of  the  speed 
of  light,  you  can  compute  just  how  it  ought  to  vary.  Now,  by 
some  happy  chance  the  physicist  has  found  negative  electrons, 
namely  those  shot  off  by  radium,  which  are  going  with  these 
speeds,  and  hence  it  is  possible  to  test  our  theory  for  these 
particles  and  see  whether  the  rate  of  change  of  their  inertia 
with  the  speed  checks  with  the  theoretical  value.  It  is  found 
that  there  is  such  a  check.  This  means  that  there  isn't  any 
inertia  in  those  particles  which  does  not  obey  the  electromag- 
netic laws.  Therefore,  we  have  good  reason  for  assuming  that 
the  negative  electron  is  nothing  but  a  disembodied  electrical  charge, 
and  that  its  inertia  is  wholly  of  electrical  origin. 

Now,  with  respect  to  the  positive  electron,  we  haven't  that 
evidence  as  yet,  but  it  is  obviously  in  the  interest  of  simplicity 
to  assume  one  kind  of  inertia  rather  than  two.  Further,  we 
have  a  little  bit  of  evidence  of  this  kind,  and  I  wish  to  mention 
what  it  is,  because  that  will  furnish  an  introduction  to  my  sixth 
important  modern  discovery.  We  have  good  reason  to  think, 
at  any  rate,  that  there  is  only  one  positive  electron  in  the  hy- 
drogen atom,  but  that  the  mass,  or  inertia  of  that  positive  electron 
is  almost  the  mass  of  the  hydrogen  atom — at  any  rate  we  never 
find  it  any  less.  Now  if  this  inertia  is  all  electrical  then  we  know 
from  theory  that  the  charge  must  be  more  condensed  in  the 
positive  than  in  the  negative,  consequently,  if  we  are  going  to 


246 


MILLIKAN:  MODERN  PHYSICS  [Feb.  15 


make  the  observed  inertia  of  the  hydrogen  nucleus  all  electrical, 
it  must  be  even  a  more  dense  charge,  that  is  a  smaller  body, 
than  is  the  negative  charge.  So,  we  first  get  the  picture  by 
that  kind  of  a  theory  of  an  atom  which  has  an  extraordinarily 
minute  single  positive  nucleus,  and  negative  electrons  around 
the  outside.  We  first  got  this  picture  by  that  kind  of  a  theory, 
but  we  don't  depend  upon  that  theory  now,  because  we  know  that 
the  conclusion  is  correct.  We  know  that  the  atom  does  consist 
of  a  body  with  a  positive  nucleus  which  is  extraordinarily  minute, 
and  we  can  tell  just  how  large  it  is,  if  we  define  the  nucleus  as 
the  part  of  the  atom  that  is  impenetrable  to  the  alpha  rays  of 
radium. 

This  brings  me  to  the  sixth  of  our  discoveries  namely  the 
discovery  of  the  nucleus  atom.  Let  me  give  you  just  a  brief 
statement  of  how  we  know  that  the  atom  is  somewhat  like  a 
miniature  solar  system,  with  an  extraordinarily  minute  nucleus, 
the  size  of  the  nucleus  never  being  more  than  1/100,000  part 
of  the  diameter  of  the  atom,  with  a  certain  number  of  subsidiary 
bodies — negative  electrons — which  we  should  liken  to  the 
planets,  somewhere  around  the  outside.  How  do  we  know  that 
is  the  case?  We  have  this  direct  evidence.  Nature  takes  a 
helium  atom  which  is  going  with  a  speed  of  18,000  miles  per 
second,  and  nature  shoots  that  atom  right  through  a  glass  wall 
without  leaving  any  hole  behind,  and  without  in  any  way 
interferring  with  the  structure  of  the  molecules  of  the  glass. 
I  can  show  you  photographs  that  make  the  thing  so  clear  that 
the  wayfaring  man  can  see  it,  you  don't  need  to  be  a  physicist. 
I  will  do  so  at  the  end  of  the  hour,  if  there  is  time.  This  obvi- 
ously means  that  the  positive  nucleus  itself  must  be  extraordi- 
narily minute.  Indeed  the  fact  that  the  negative  electron  ac- 
tually shoots  through  those  hundreds  of  thousands  of  atoms 
without  ever  going  near  enough  to  any  constituent  of  those 
atoms  to  knock  any  one  of  them  out,  and  the  fact  that  the  positive 
nucleus  of  helium,  viz;  the  alpha  particle,  shoots  through  even 
more  molecules  without  being  deflected  at  all  from  its  course, 
causes  one  to  wonder  whether  there  is  anything  at  all  that  is 
impenetrable  to  the  atom.  Why  do  we  say  there  is  a  nucleus 
there?  Because  direct  experiment  says  there  is.  There  is  a 
certain  portion  of  the  atom  which  the  alpha  particle  itself 
cannot  penetrate.  If  the  impact  is  head  on,  the  alpha  particle 
goes  right  up  to  the  atom  and  then  it  backs  straight 
back  again,  or  if  it  comes  up  to  the  atom  at  an  angle  like  this  it 
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goes  off  that  way.  (Illustrating.)  It  is  only  rarely  that  that 
happens,  but  Rutherford  and  Geiger  and  Marsden  counted  the 
percentage  of  alpha  particles  which  goes  straight  on,  and  the 
percentage  which  goes  off  here,  and  in  that  manner,  by  per- 
fectly simple  algebraic  analysis  that  any  one  of  you  can  under- 
stand, without  any  assumption  at  all  except  the  law  of  inverse 
squares,  which  can  hardly  be  called  an  assumption,  at  least  so 
far  as  the  attraction  between  the  positive  nucleus  and  the  nega- 
tive electron  is  concerned  we  find  how  big  that  nucleus  is.  By 
the  size  of  the  nucleus  I  mean  the  size  of  that  portion  of  the 
atom  which  is  impenetrable  to  the  alpha  particles.  It  comes 
out  something  like  10  -13  centimeters.  The  diameter  of  the 
atom  is  10~8.  Furthermore,  by  counting  how  the  deflections  of 
the  alpha  particles  are  distributed  around  this  sphere,  which 
we  can  do  directly  with  the  aid  of  zinc  sulphide  spread  over  the 
inside  of  the  sphere  we  can  obtain  the  number  of  alpha  particles 
deflected  through  any  given  angle,  and  then  with  a  little 
analysis  of  unquestionable  correctness,  we  find  how  many  unit 
charges,  positive  electrons,  there  are  in  this  exceedingly  small 
nucleus,  and  it  comes  out  approximately  one-half  of  the  atomic 
weight. 

Now,  I  come  to  another  extraordinary  discovery  which  did 
not  merely  tell  us  approximately  how  many  electrons  there  are 
in  the  nucleus  but  it  told  us  exactly  how  many  there  are,  and  the 
result  checked  too  with  the  number  obtained  by  the  foregoing 
approximate  method.  This  brings  me  to  the  recent  discoveries 
in  the  field  of  X-rays,  and  I  will  call  the  seventh  of  the  modern 
advances  the  discovery  of  the  nature  of  X-rays,  which  was 
virtually  made  by  Barkla  in  1904.  For  Barkla  and  others  had 
proved  that  there  are  two  types  of  X-rays,  first,  X-rays  which 
consist  in  simple  ether  pulses  pushed  off  from  an  electron  when 
it  changes  its  speed;  and  second  so-called  characteristic  X-rays 
which  are  formed  thus.  When  the  electrons  bump  into  a  target 
they  set  something  in  the  target  into  vibration,  and  this 
something  sends  off  perfectly  definite  characteristic  X-rays, 
which  are  like  monochromatic  light.  So,  we  have  two 
types  of  X-rays,  pulse  X-rays,  like  white  light,  and  mono- 
chromatic X-rays,  like  monochromatic  light,  such  as  mer- 
cury gives  rise  to.  That  is  the  seventh  of  our  great  modern 
discoveries  and  it  must  be  credited  chiefly  to  Barkla. 

The  eighth  I  will  call  the  discovery  of  crystal  structure  by  the 
study  of  X-rays,  which  is  due  to  Laue  in  Munich,  and  Bragg, 
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in  England.  The  method  is  simply  this.  You  know  that  we 
analyze  light  by  a  grating  which  consists  of  a  series  of  equally 
spaced  lines  on  a  reflecting  or  transmitting  surface.  With  such 
a  device  we  can  split  light  up  into  a  spectrum  but  we  cannot  thus 
split  it  up  unless  the  width  of  the  grating  space  is  comparable 
with  the  wave  length  of  the  light.  In  the  case  of  X-rays,  .we 
had  no  knowledge  of  gratings  whose  grating  spaces  were  anything 
like  as  small  as  the  wave  length  of  X-rays,  in  fact  such  gratings 
were  unknown  until  Laue  had  the  bright  idea  of  using  the  regular 
arrangement  of  the  atoms  in  a  crystal  for  a  grating  to  see  whether 
that  would  not  do  the  work,  and  it  did  the  work  marvelously 
well.  It  was  found  that  we  could  compute  the  grating  space  of 
certain  crystals  from  the  density  and  the  atomic  weight  and  then 
from  the  observed  spectrum  find  the  wave  length  of  X-rays. 
And  now  knowing  the  wave  length  we  can  work  backward  and 
find  the  grating-space  for  other  crystals.  We  are  now  using 
this  method  for  finding  the  positions  and  the  arrangements  of 
the  atoms  in  crystalline  bodies.  Prof.  Bragg  in  his  recent 
book  on  X-rays  and  crystal  structure  has  described  this  work 
very  beautifully.  Thus  a  whole  new  field  of  experimentation  has 
been  opened  up  and  is  being  pursued  in  a  great  many  labora- 
tories, and  with  particular  success  by  A.  W.  Hull  at  the  labora- 
tory of  the  General  Electric  Company.  There  are  almost  un- 
limited possibilities  for  the  chemist  in  the  discovery  of  the  exact 
position  of  the  atoms  in  any  kind  of  crystal  by  this  method. 

But  the  results  of  this  discovery  as  of  most  of  the  others 
which  I  have  mentioned  are  rather  insignificant  when  compared 
with  those  of  the  ninth  which  I  am  going  to  mention,  namely  the 
discovery  of  the  relations  between  the  elements,  and  the  extension 
of  our  knowledge  of  the  radiations,  emitted  by  different  sub- 
stances. This  discovery  was  made  by  a  young  Englishman  only 
twenty-six  years  old,  Moseley,  who  has  already,  unfortunately, 
fallen  a  victim  to  this  juggernaut  which  is  at  the  present  time 
crushing  out  the  finest  scientific  brains  in  the  world.  *  Moseley 
was  killed  at  the  age  of  twenty  seven  a  year  after  he  made  his 
epoch-making  discovery,  and  all  the  lives  and  all  the  interests  of 
the  eternally  infamous  men  who  made  this  war  are  not  to  be 
compared  in  value  to  the  world  with  a  hair  of  Moseley's  head. 
Yet  he  had  to  be  sacrificed  to  save  a  threatened  civilization. 
A  double  honor  to  Moseley. 

His  discovery  was  this:  He  was  analyzing  the  characteristic 
X-rays  which  are  given  off  when  any  kind  of  a  substance  is 
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bombarded  with  cathode  rays.  The  experiment  was  in  my 
judgment  as  brilliantly  conceived,  as  carefully  and  skillfully 
carried  out,  and  as  illuminating  in*  its  results,  as  any  which  has 
been  done  in  the  last  fifty  years.  What  he  found  was  this,  that 
the  atoms  of  all  the  different  substances  emit  radiations  or 
groups  of  radiations  which  are  extraordinarily  similar,  but  that 
these  radiations  differ  as  we  go  from  substance  to  substance 
in  their  wave  lengths.  The  whole  discovery  can  be  stated  in 
this  fashion:  If  you  take  the  highest  frequency  emitted  by  a 
given  atom,  and  if  you  lay  down  on  a  table  a  length  which  is  equal 
to  the  square  root  of  this  frequency,  and  if  on  top  of  that  you 
lay  down  the  square  root  of  the  frequency  of  the  atom  which 
has  the  next  lower  frequency,  and  so  if  you  continue  to  lay  down, 
with  one  group  of  ends  together,  the  measured  square  root 
frequencies  of  all  the  elements  that  you  can  study,  then  what 
have  you  got?  You  find  that  you  have  a  flight  of  stairs,  with 
perfectly  definite  equal  treads;  that  is,  the  frequencies  change  by 
definite  steps  as  you  go  from  element  to  element.  And  there 
are  only  four  vacant  treads  between  the  lightest  element  which 
Moseley  could  study,  namely  aluminum  and  the  heaviest  one, 
namely,  lead,  thus  indicating  that  there  are  only  four  elements 
in  this  range  which  we  have  not  already  found.  An  ex- 
tremely interesting  question  is,  what  is  the  greatest  common 
divisor  of  this  series  of  steps,  that  is,  what  is  the  top  step  ?  There 
are  two  ways  to  get  at  it.  One  is  by  filling  all  the  spaces  up  to 
aluminum  with  known  elements  in  the  order  of  their  weights — 
we  cannot  investigate  the  lighter  ones  by  the  X-ray  method 
because  their  frequencies  are  too  low ;  at  least  we  have  not  yet 
found  how  to  investigate  them.  Now  there  are  just  twelve 
elements  below  aluminum,  so  we  may  put  them  all  in,  starting 
with  hydrogen.  That  would  make  hydrogen  correspond  to  the 
top  step.  The  second  way  is  to  find  arithmetically  the  greatest 
common  divisor  of  the  square  root  frequencies.  This  gives  us  a 
frequency  which  is  within  a  few  per  cent  of  the  highest  frequency 
which  hydrogen  can  produce,  according  to  Lyman's  measure- 
ments in  the  ultraviolet  region  of  optical  radiations.  This 
indicates  again  that  hydrogen  is  the  element  corresponding  to 
the  first  step.  All  of  this  seems  to  mean  three  things,  it  means 
first  that  the  X-rays  of  hydrogen  are  just  its  ordinary  visible 
radiations;  second  it  means  that  Moseley  opened  up  a  whole 
new  field  of  radiation,  beginning  with  the  radiations  of  hydrogen, 
and  extending  up  to  a  frequency  (92)2  or  8464  times  as  high  as 
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that  given  by  hydrogen.  I  have  squared  92  because  92  is  the 
number  of  the  step  corresponding  to  uranium,  the  heaviest 
known  element,  and  the  one  having  the  highest  frequency  in 
its  characteristic  X-rays.  Moseley's  discovery  means  in  the 
third  place,  almost  certainly,  that  the  elements  are  built  up  one 
from  another  by  successively  adding  the  nucleus  of  the  hydrogen 
atom.  The  probable  reason  for  the  change  in  frequency  as  the 
nucleus  takes  on  a  stronger  and  stronger  charge  is  that  the 
electron  sending  off  say  the  highest  characteristic  frequency  is  in 
a  stronger  electrical  field  in  the  helium  atom,  for  example,  than 
in  the  hydrogen  atom,  and  so  as  the  charge  on  the  nucleus  goes 
up  by  successive  steps  in  going  from  element  to  element  fre- 
quencies go  up  by  corresponding  steps. 

We  may  then  picture  with  considerable  confidence  this  whole 
physical  world  as  built  up  out  of  one  positive  and  one  negative 
electron.  The  positive  electron  is  the  nucleus  of  the  hydrogen 
atom.  It  is  very  minute  in  comparison  w.'th  the  negative, 
but  much  more  massive.  When  two  free  positive  electrons  are 
tied  together  we  have  the  helium  atom.  We  don't  know  why 
these  positives  cling  together.  We  can  assume,  as  an  hypothesis, 
that  there  are  four  positives  in  helium  which  are  held  together 
by  two  negatives,  thus  leaving  but  two  free  positions  as  experi- 
ment indicates  is  the  case.  The  assumption  here  is  that  in  the 
nucleus  one  negative  is  capable  of  holding  two  positives.  This 
assumption  would  make  the  nucleus  of  any  atom  contain  a 
number  of  negatives  equal  to  the  atomic  number  and  a  number 
of  positions  equal  to  twice  the  atomic  number.  So  much  for  a 
very  brief  and  incomplete  sketch  of  Moseley's  contribution  to 
modern  physics. 

My  last  of  the  great  discoveries  of  modern  physics  is  one  that 
I  will  just  touch  upon.  It  is  the  discovery  of  quantum  relations 
in  photo-electricity,  in  X-rays,  and  in  optical  spectra;  but  here 
I  am  coming  to  a  field  which  we  do  not  know  very  much  about, 
which  we  do  not  yet  understand,  and  my  main  motive  in  intro- 
ducing it  is  to  convince  you  that  the  physicist,  in  spite  of  all 
he  knows,  or  thinks  he  knows,  is  a  fairly  modest  fellow,  because 
there  are  some  things  he  knows  he  doesn't  know,  and  one  at 
present  is  the  nature  of  radiation.  However,  we  know  some 
things  about  it  that  are  new.  For  example,  it  is  an  extraor- 
dinarily interesting  fact  that  when  light  of  the  X-ray  type,  or 
indeed,  light  of  any  frequency  falls  upon  say  a  lithium  or  sodium 
surface,  or  upon  almost  any  surface,  it  has  the  property  in  some 
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way  of  taking  hold  of  a  negative  electron  in  the  atoms  of  that 
surface  and  of  hurling  that  electron  out  with  a  perfectly  de- 
finite speed,  which  we  can  measure,  and  which  we  find  to  be 
exactly  proportional  to  the  frequency  of  the  light.  That  is  an 
extraordinary  phenomenon,  and  it  is  one  that  we  explain  on  a 
kind  of  quantum  theory  which  I  will  not  attempt  to  go  into  here, 
because  of  the  fact  that  we  have  not  yet  worked  it  out  fully, 
so  that  I  cannot  give  you  anything  very  definite  about  it;  but 
at  any  rate,  the  quantum  constant  comes  out  of  the  photo- 
electric effect,  as  shown  in  my  own  work,  out  of  X-ray  work  as 
discovered  by  Duane  and  Hunt  at  Harvard,  and  out  of  spectro- 
scope work,  as  shown  by  Bohr  in  the  beautiful  theory  of  the 
atom  which  he  has  developed  within  the  last  three  or  four  years. 

I  think  I  have  brought  you  in  this  brief  survey  to  the  very 
outmost  boundaries  of  our  present  knowledge.  Bring  me  back 
ten  years  from  now,  and  we  will  know  more  about  these  quantum 
theories;  but  for  the  present  I  will  stop,  and  close  this  hasty 
survey  of  the  problems  and  successes  of  modern  physics  with  a 
few  reflections  which  are  based  upon  historical  studies. 

At  the  University  of  Chicago  I  have  a  friend  by  the  name  of 
Braested,  who  is  an  Egyptologist.  Braested  tells  me  that  he 
and  his  fellow  Egyptologists  have  proof  that  less  than  100  years 
elapsed  from  the  time  when,  about  five  thousand  years  ago,  the 
Egyptians  knew  so  little  about  building  that  the  best  they 
could  do  was  to  pile  crude  rows  of  uncut  stone  around  their 
dead,  to  the  time  when  some  of  the  great  pyramids  were  built,  * 
structures  which  represent  in  some  ways  the  height  of  the 
builder's  art,  structures  on  which  the  surfacing  is  so  perfect 
that  huge  granite  blocks  eighteen  feet  on  a  side  are  joined  to- 
gether without  cement  and  with  not  as  much  1/100  of  an  inch 
of  space  anywhere  between  them.  That  kind  of  engineering  we 
do  not  do  now,  luckily  we  do  not  have  to  do  it,  but  it  is  doubtful 
if  we  could  do  it  if  we  would.  I  am  mentioning  this  to  bring 
out  the  fact  that  Egypt,  at  that  time,  got  the  key  to  a  certain 
kind  of  development,  and  pushed  that  development  to  a  mar- 
velous degree  of  perfection.  Indeed  there  was  in  that  century, 
so  Professor  Braested  says,  an  industrial  progress  which  has 
never  been  equalled  at  any  time  in  the  world's  history  until 
within  the  last  one  hundred  years,  when  the  modern  industrial 
revolution  set  in. 

Go  now  to  Greek  history,  and  we  find  the  same  sort  of  a 
situation.    About  500  B.  C.  the  Greeks  got  the  key  to  a  certain 
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type  of  progress,  and  they  developed  a  civilization  which  on  the 
intellectual  side,  and  on  the  artistic  and  aesthetic  side,  has 
never  been  equalled.  The  Greeks,  like  the  Egyptians,  got  the 
key  to  a  certain  kind  of  civilization  and  they  worked  it  out  to 
marvelous  perfection ;  but  in  neither  case  did  these  men  or  these 
races  go  on;  they  did  not  open  up  new  fields;  they  did  not  tap 
new  mines.  Their  civilization  came  to  an  apex,  and  then  de- 
cayed, and  the  question  has  often  arisen  in  your  minds,  as  it 
has  in  mine,  is  this  age  in  which  we  are  living  going  to  follow  in 
the  same  way?  Have  we  risen  to  a  maximum?  Have  we  had 
a  period  of  marvelous  development  which  is  going  to  be  followed 
by  one  of  decay  and  stagnation,  or  are  we  going  to  ascend  to 
higher  and  higher  levels?  No  man  can  answer  that  question, 
but  this  I  know  and  this  you  know,  that  it  was  wholly  unneces- 
sary that  Greek  civilization,  or  that  Egyptian  civilization  should 
stop  when  it  did.  If  they  had  developed  the  modern  scientific 
spirit,  the  spirit  of  search  for  new  phenomena  and  new  methods, 
they  could  have  found  them.  There  were  plenty  of  new  mines  for 
them  to  tap,  plenty  of  unexplored  fields  to  search  out.  But 
they  did  not  do  it.  As  for  us  I  feel  just  as  sure  as  Shakespeare 
did  that  "there  are  still  more  things  in  heaven  and  earth  than 
are  dreamed  of  in  our  philosophy,"  and  if  we  stop,  it  will  be 
because  we  have  forgotten  the  lesson  which  Gallileo  first  tried 
to  teach,  and  which  we  have  been  learning  in  the  last  one  hundred 
years,  and  that  is  the  lesson  of  research.  It  is  the  lesson,  the 
philosophy,  the  method  and  the  faith  of  modern  physics.  That 
is  our  hope,  and  if  we  keep  that,  if  we  don't  call  in  our  scouts 
because  the  rewards  are  larger  in  the  applications,  then  I  haven't 
any  doubt  that  our  civilization  will  go  on ;  and  if  we  do  call  in 
our  scouts  here  in  this  country,  then  our  civilization  will  give 
place  to  that  of  some  other  country  which  does  not  do  so,  but 
which  learns  the  value  for  the  human  race  of  the  spirit  of  modern 
scientific  research. 
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INDUSTRIAL  CONTROLLERS— WITH  PARTICULAR 
REFERENCE  TO  THE  CONTROL  OF  DIRECT-CURRENT 
SHUNT  MOTORS 


Stating  that  present  day  development  of  motors  and  con- 
trollers is  such  that  former  limitations  as  to  regulation  of  starting 
current  from  the  viewpoint  of  motor,  controller  and  supply 
system  have  been  largely  removed,  the  authoj  presents  a  series  of 
tests  on  15  and  20-h.p.,  230- volt,  d-c.  shunt  motors,  started  from 
rest.  The  motors  are  of  two  types,  constant  and  adjustable 
speed. 

These  tests  were  made  to  determine:  first,  the  load  driven  by 
the  motor;  second,  the  power  supply;  third,  the  motor  operation. 

From  these  tests  the  author  concludes,  in  part;  that  it  is  practi- 
cal with  automatic  acceleration  to  use  one  switch  to  short-circuit 
the  armature  resistor  used  with  motors  as  large  as  15  h.  p.;  that 
the  shunt  field  of  small  adjustable  speed  motors  can  be  reduced 
in  one  step  under  normal  load  conditions  (this  practise  can  be 
safely  followed  up  to  motors  of  50  h.  p.);  and  that  adjustable 
speed  motors  can  use  one  step  resistance  for  dynamic  braking. 


'HE  PRESENT  practise  in  industrial  control  is  the  result 


*  of  accumulated  experience  extending  over  the  past 
twenty-five  years.  The  theory  consists  in  analyzing  the  charac- 
teristics of  the  motor  to  be  controlled,  and  designing  a  controller 
which  will  furnish  the  characteristics  not  incorporated  in  the 
motor  design.  An  analysis  of  the  motor,  from  this  standpoint, 
has  brought  out  a  number  of  features  which  were  not  generally 
appreciated. 

The  application  of  the  controller  requires  an  analysis  of  the 
load  to  be  driven  by  the  motor,  as  well  as  the  characteristics 
of  the  motor.  The  controller  must  cause  the  motor  to  operate 
through  a  cycle  which  is  best  adapted  to  the  motor  load,  or  the 
machinery  to  which  the  motor  is  connected.  The  engineer  must 
never  lose  sight  of  the  fact  that  the  purpose  in  using  a  motor 
and  controller  is  to  do  certain  work,  and  that  he  should  select 
a  type  of  motor  and  controller  that  will  perform  this  work 
under  existing  conditions  with  the  least  apparatus,  and  require 
the  minimum  of  attention. 


BY  H.  D.  JAMES 


Abstract  of  Paper 
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In  the  early  days  of  the  d-c.  motor,  great  care  had  to  be  taken 
in  starting,  and  in  changing  the  motor  speed,  to  prevent  bad 
sparking  or  flashing.  This  led  to  the  practise  of  using  a  consider- 
able number  of  steps  in  the  external  armature  resistor,  to  give 
a  small  change  in  amperes  per  step.  The  most  common  form  of 
motor  starter,  even  today,  is  a  face  plate,  the  design  lending 
itself  readily  to  the  use  of  a  large  number  of  steps.  Further- 
more, the  characteristics  of  this  starter  are  such  that  consider- 
able burning  would  result  if  there  were  a  large  change  in  current 
per  step,  so  that  a  relatively  large  number  of  steps  are  necessary 
to  protect  the  starter  against  excessive  wear. 

The  steady  improvement  in  the  design  of  motors  and  con- 
trollers has  removed  many  of  the  limitations  formerly  existing. 
At  one  time  the  permissible  starting  current  was  seriously  limited 
by  the  danger  of  (JJsturbance  to  the  supply  voltage.  The  in- 
crease in  the  capacity  of  systems  supplying  power  now  permits 
small  and  medium  size  motors  to  start  with  twice  full-load 
current,  or  even  more,  without  disturbing  the  supply  voltage. 
Many  motor  applications  are  made  in  factories  and  mills  where 
there  is  a  continual  change  in  the  power  demand,  so  that  the 
starting  of  relatively  small  motors  makes  little  difference  in  the 
total  load. 

However,  there  still  exists  a  number  of  applications  where 
starting  current  is  an  important  feature,  such  as  elevators  and 
some  other  apparatus  used  in  public  buildings.  Printing  presses, 
paper  machinery  and  applications  of  similar  nature,  require 
special  controllers  to  give  a  slow  start  to  properly  manipulate 
the  product. 

Direct-current  series  and  compound  motors,  as  large  as  20  h.p. 
are  in  successful  operation,  without  the  use  of  an  external  start- 
ing resistor.  Mr.  Hansen,  in  his  paper  published  elsewhere  in 
this  issue,  shows  oscillograph  records  illustrating  the  starting 
of  these  motors.  Shunt  motors  as  large  as  15  h.p.  connected 
to  drum  controllers,  short-circuiting  the  starting  resistor  in  one 
step,  have  been  in  successful  operation  for  over  ten  years. 

In  order  to  get  a  better  understanding  of  the  conditions  when 
a  d-c.  shunt  motor  is  started  from  rest,  the  writer  arranged  for  a 
number  of  tests  on  standard  motors  for  general  purposes, 
equipped  with  automatic  starters.  These  tests  were  made  to 
determine  the  effect  upon: 

First,  the  load  driven  by  the  motor. 

Second,  the  power  supply. 

Third,  the  motor  operation. 
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No  tests  were  made  upon  the  controller  itself,  as  commercial 
controllers  are  now  available  which  are  well  able  to  meet  all 
service  requirements.  A  magnetic  contactor  controller,  of 
modern  design,  should  be  able  to  take  care  of  any  starting  con- 
ditions which  can  be  met  by  the  motor,  without  causing  undue 
wear  upon  any  part  of  the  controller. 

Most  d-c.  shunt  motors,  designed  for  general  purposes,  start 
with  less  than  full  load,  so  that  the  tests  were  made  with  different 
methods  of  loading. 

The  controller  was  adjusted  to  short-circuit  the  starting 
resistor,  while  the  counter  e.m.f.  of  the  motor  was  quite  low. 
The  starting  current  was  also  kept  small  in  order  to  exaggerate 
the  starting  conditions.  The  armature  voltage  at  which  the  re- 
sistance was  closed  can  readily  be  seen  by  the  notch  in  the  coun- 
ter e.m.f.  curve. 

This  investigation  covered  only  small  motors,  as  these  are 
typical  of  most  of  the  motors  used,  and  cover  a  field  where  very 
little  application  engineering  work  can  be  done.  It  is  very 
desirable  to  have  a  simple  and  strong  controller  for  these  motors, 
as  they  are  often  used  where  the  operating  conditions  are  bad 
and  expert  attention  is  not  given  them.  The  application  of 
larger  motors  frequently  requires  the  investigation  of  the 
load  conditions  by  engineers,  who  can  specify  the  correct  motor 
and  controller,  and  modify  the  controller  to  adapt  it  to  any 
special  requirements,  if  desirable.  Furthermore,  large  motors 
usually  receive  better  care. 

Apparatus  Used  in  Making  Test. — An  oscillograph  was 
employed  in  all  these  tests.  Figs.  2  to  14  for  the  20-h.p.  motors 
were  taken  on  a  cylinder,  giving  the  total  time  of  approximately 
two  seconds.  Figs.  15  to  21  for  the  15-h.p.  motor  were  taken 
on  a  long  film  attachment,  and  the  time  for  these  curves  was 
four  to  six  seconds. 

In  all  cases,  the  motors  used  were  standard  230-volt  shunt- 
wound  d-c.  motors.  The  voltage  at  the  supply  circuit  dropped 
a  little  below  this  value,  and  varied  from  220  to  225  volts. 

The  load,  in  all  but  two  cases,  consisted  of  a  d-c.  generator, 
slightly  larger  in  size  than  the  motor,  belted  to  the  motor. 
The  generator  exerted  no  retarding  force,  other  than  that  due 
to  friction  and  inertia,  except  where  noted.  This  will  represent 
the  majority  of  loads  which  a  motor  of  this  class  will  be  called 
upon  to  start.  In  one  case,  the  field  of  the  generator  was  excited, 
and  the  armature  short-circuited  through  sufficient  resistance 
to  develop  full  motor  torque  at  full  speed.  This  condition  mor 
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nearly  represents  the  starting  of  a  heavy  fan,  or  centrifugal 
pump. 

The  tests  on  all  20-h.p.  motors  were  made  with  an  automatic 
controller  having  a  wiring  diagram  shown  in  Fig.  1.  The 
switches  used  on  this  controller  were  standard  type  C 
contactors,  of  125-ampere  capacity.  The  first  resistance  switch 
was  of  the  series  lock-out  type,  and  the  second  switch  of 
the  counter  e.m.f.  type.  Where  the  resistance  was  cut  out 
in  one  step,  the  first  switch  was  blocked  in  the  open  position. 
With  all  starting  resistance  short-circuited  the  total  resistance 
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of  the  controller  and  motor  from  +  line  to  —  line  is-r^rr  ohms  for 
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the  constant  speed  motor  and  -j^-  ohms  for  the  adjustable  speed 
motor. 


SEQUENCE  Of  SWITCHES 
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SCHEME  OF  MAIN  CONNECTIONS 


Coil  No  3 
No. 


FiekJ  Rheostat 


Fig.  1 — Diagram  of  Connections 


For  the  adjustable  speed  motors,  a  series  relay  was  used  to 
short-circuit  the  field  resistor  during  acceleration.  This  relay 
was  open  when  the  armature  resistor  was  short-circuited,  and 
allowed  the  field  to  decrease  to  its  minimum  value.  When  the 
motor  was  at  rest,  the  shunt-field  strength  was  either  zero  or 
equal  to  that  for  the  maximum  speed  condition.  The  constant 
speed  shunt  motor  had  its  field  disconnected  in  the  off  position, 
in  all  of  the  tests.  For  the  internal  resistance  of  the  motors  and 
controller  see  the  curves  and  diagrams. 

Tests  on  20-A.  p.,  750-rev.  per  tnin.,  230-volt,  d-c.t  Shunt  Motor. 
See  Fig.  22.  Fig.  2  shows  the  motor  started  with  1.35  ohms 
external  armature  resistance,  which  was  reduced  to  0.35  of  an 
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ohm  when  4;he  counter  e.m.f.  equalled  120  volts.  The  second 
step  of  resistance  was  short-circuited  when  the  counter  e.m.f. 
reached  160  volts.  This  is  a  very  good  record  of  a  two-step 
automatic  starter. 

Fig.  3  shows  the  same  motor,   with   one  ohm  external 
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Fig.  2 — 20-h.p.  Motor — 750  rev.  per  min. — Two-step  Starting 
Resistance  1.35  Ohms 

armature  resistance.  The  entire  resistance  in  this  case  was 
short-circuited  in  one  step.  The  resistance  switch  was  not 
closed  until  the  counter  e.m.f.  of  the  motor  equalled  190  volts. 


TIME  M  SECONDS 

Fig.  3 — 20-h.p.   Motor — 750  rev.  per  min. — One-step  Starting 
Resistance  1.00  Ohm 

This  represents  an  adjustment  which  is  better  than  can  usually 
be  obtained  in  practise. 

Fig.  4  shows  the  motor  started  with  1.35  ohms  external  re- 
sistance, the  resistance  being  short-circuited  in  one  step,  the 
switch  closing  when  the  counter  e.m.f.  of  the  motor  was  150 
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volts.  This  adjustment  gives  equal  current  peaks,  and  repre- 
sents a  practical  controller. 

Fig.  5  shows  a  start  under  the  same  conditions  as  Fig.  4, 
except  that  the  short-circuiting  switch  closed  at  120  volts.  This 
shows  a  peak  at  the  time  of  short-circuiting  the  armature  re- 
sistance, in  excess  of  the  starting  current,  and  represents  very 
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Fig.  4 — 20-h.p.  Motor — 750    rev.  per  min.- 
Resistance  1.35  Ohms 


-One-step  Starting 


bad  commercial  practise.  Figs.  3,  4  and  5  show  very  clearly  the 
results  obtained  when  the  short-circuiting  switch  closes  at  dif- 
ferent values  of  counter  e.m.f. 
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Fig.  5 — 20-h.p.  Motor — 750  rev.  per  min. — One-step  Starting 
Resistance  1.35  Ohms 

Fig.  6  shows  a  one-step  start,  with  one  ohm  external  armature 
resistance,  the  short-circuiting  switch  closing  at  about  125  volts, 
counter  e.m.f.  This  curve  has  the  same  adjustment  for  short- 
circuiting  the  armature  resistance  as  Fig.  5,  and  shows  that  the 
current  peaks  can  be  made  approximately  the  same  by  increasing 
the  initial  current. 
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Fig.  7  shows  a  start  with  0.765  of  an  ohm  external  armature 
resistance,  ^ith  one  short-circuiting  switch.  The  load  on  the 
motor,  in  this  case,  was  a  prony  brake,  set  to  give  full-load 
torque.    This  represents  a  very  difficult  starting  condition,  as  the 
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Fig.  6 — 20-h.p.  Motor — 750  rev.  per  min. — One-step  Starting 
Resistance  1.00  Ohm 


static  friction  of  the  brake  is  considerably  in  excess  of  full  load 
torque.  The  start,  however,  was  successfully  made  with  one 
step  of  resistance. 

In  the  curves  referred  to,  armature  volts,  armature  amperes 


riJ-4-fH-f-H  H4+M-^ 
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Fig.  7 — 20-h.  p.  Motor — 700  rev.  per  min.  Full  Load — One-step 
Starting  Resistance  0.765  Ohm 


and  shunt  field  amperes  were  taken  from  the  oscillograph 
records.  The  torque  curve  was  plotted  by  assuming  that  the 
field  flux  was  proportional  to  the  shunt  field  amperes,  except 
that  the  negative  value  of  the  shunt-field  current,  at  starting, 
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was  neglected,  and  the  torque  curve  started  at  zero  value. 
While  these  assumptions  are  not  strictly  correct,  they  serve  to 
show  the  characteristic  shape  of  the  torque  curve.  Since  the 
motor  was  connected  to  the  line  with  zero  field  current,  it  can 
be  assumed  that  the  initial  torque  was  approximately  zero,  and 
independent  of  the  armature  current.  This  torque  shows  a 
gradual  increase,  the  armature  current  remaining  constant  for  a 
brief  period,  until  sufficient  torque  is  developed  to  start  rotation. 
Fig.  3  shows  how  this  torque  not  only  increased  gradually,  but 
decreased  again,  up  to  the  point  of  short-circuiting  the  armature 
resistance.  At  this  instant,  the  torque  has  a  momentary  in- 
crease, and  again  tapers  off.  Some  of  the  curves  show  a  slight 
change  in  the  field  current  at  this  instant,  due  to  the  transformer 
action  between  the  armature  current  and  the  field  windings. 
This  momentary  change  in  field  current  was  neglected  in  plotting 
the  torque  curve,  as  it  was  assumed  that  the  field  flux  would 
show  an  opposite  change. 

I  wish  to  lay  special  emphasis  upon  the  characteristic  shape 
of  this  torque  curve,  at  the  time  of  starting  the  motor  from  rest. 
This  curve  shows  that  the  motor  will  start  its  load  gradually, 
independent  of  the  value  of  armature  current.  A  heavy  arma- 
ture current,  several  times  the  value  of  full-load  current,  can  be 
used  with  safety,  providing  there  is  no  serious  effect  on  the  volt- 
age of  the  supply  circuit,  which  might  be  objectionable  for 
other  reasons.  An  easy  start  of  the  load  is  very  desirable,  as 
there  usually  is  considerable  lost  motion  in  the  gearing,  or  other 
mechanical  connections,  between  the  motor  and  its  load.  The 
sudden  application  of  torque  would  cause  a  hammer  blow,  and 
might  injure  the  machinery.  The  sudden  increase  in  torque,  at 
the  time  the  section  of  the  armature  resistance  is  short-circuited, 
is  not  so  dangerous,  as  long  as  a  positive  torque  is  maintained, 
and  there  is  no  lost  motion  in  the  machinery.  Figs.  2  and  4 
show  that  very  little  improvement  can  be  made  by  using  two 
switches  to  short-circuit  the  starting  resistor. 

Tests  on  a  20-A.  p.,  Adjustable  Speed,,  230- Volt,  D-C,  Shunt 
Motor,  Having  Speed  Adjustment  of  500  to  1500  rev.  per  min.  (See 
Figs.  23  and  24)  These  tests  are  duplicates  of  the  previous 
ones,  except  that,  in  some  cases,  the  shunt-field  current  has  an 
initial  value  equal  to  the  value  when  the  motor  is  operating  at 
1500  rev.  per  min.  Also,  the  field  resistance,  at  the  instant  of 
starting  the  motor,  is  short-circuited,  and  again  open-circuited 
at  the  instant  of  short-circuiting  all  of  the  external  resistance 
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Fig.  8  shows  a  typical  start,  short-circuiting  the  external 
armature  resistance  in  two  steps,  the  initial  resistance  being 
one  ohm,  and  the  resistance  of  the  last  step  0.25  of  an  ohm. 


Fig.  8 — 20-H.  p.  Motor — 500-1500  rev.  per  min.  Full  Load — Two-step 
Starting  Resistance  1.00  ohm 

The  first  switch  closed  at  approximately  125  volts  and  the 
second  switch  at  175  volts,  counter  e.m.f.  It  is  evident,  from 
this  curve,  that  the  second  step  of  starting  resistance  was  not 
necessary. 


Fig.  9 — 20-H.  p.  Motor —  500-1500  rev.  per  min. — Two-step  Starting 
Resistance  1.50  Ohms 


Fig.  9  shows  a  similar  two-point  starter,  having  an  initial 
resistance  of  1.5  ohms,  the  second  step  of  resistance  being  0.25 
of  an  ohm. 

Figs.  10  and  11  show  similar  starts,  with  0.765  ohms  external 
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resistance.  In  these  two  tests  the  armature  resistance  is  short- 
circuited  in  one  step. 

Fig.  12  shows  a  single-step  start,  with  the  same  amount  of 
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Fig.  10 — 20-h.  p.  Motor — 500-1500  rev.  per  min. — One-step  Starting 
Resistance  0.765  Ohms 

armature  resistance  (0.765  ohms),  but  with  the  generator  loaded, 
so  that  it  developed  full-load  torque,  at  full  speed. 

Fig.  13  shows  a  start  under  similar  conditions,  except  that 
the  motor  was  loaded  with  a  prony  brake,  giving  full-load 
torque. 
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Fig.  11 — 20-h.  p.  Motor — 500-1500  rev.  per  min. — One-step  Starting 
— Resistance  0.765  Ohms 


Fig.  14  shows  a  single-step  start,  having  an  armature  resistance 
of  1.5  ohms,  the  short-circuiting  switch  closing  at  about  140 
volts,  counter  e.m.f.,  giving  equal  starting  and  short-circuiting 
current  peaks. 
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These  curves  differ  from  the  preceding  set  in  characteristic 
shape,  after  the  armature  resistance  has  been  short-circuited. 
This  is  due  to  a  gradual  decrease  in  the  shunt  field  strength, 
with  a '  corresponding  increase  in  the  armature  current.  This 
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Fig.  12 — 20-h.  p.  Motor — 500-1500  rev.  per  min.  Full  Load — One-step 
Starting  Resistance  0.76  Ohm 


change  in  field  strength  and  current  is  gradual,  and  it  does  not 
seem  necessary  to  use  automatic  means  for  delaying  this  change 
in  field  strength. 

Different  methods  of  loading  the  motor  do  not  show  much 
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Fig.  13 — 20-h.  p.  Motor — 500-1500  rev.  per  min.  Full  Load — One-step 
Starting  Resistance  0.765  Ohms 


change  in  the  current  peak  when  the  resistance  is  short-circuited. 
This  is,  largely  dependent  upon  the  value  of  the  counter  e.m.f. 
at  the  time  of  short-circuiting  the  starting  resistance.  In  none 
of  the  tests  was  this  peak  excessive. 


264  JAMES:  INDUSTRIAL  CONTROLLERS        [Feb.  16 

Tests  on  a  15-A.£.,  230-Volt,  400  to  1600  rev.  per  min.t  D-C, 
Shunt  Motor.  (See  Figs.  25  and  26).  A  number  of  tests  were 
made  on  this  motor,  using  a  controller  connected  as  shown  in 
Fig.  27.   In  these  tests  the  motor  was  belted  to  a  generator  a 
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Fig.  14 — 20-h.p.  Motor — 500-1500  rev.  per  min. — One-step  Starting 
Resistance  1.5  Ohms  • 


little  larger  than  the  motor.  The  only  load  to  be  overcome  was 
that  due  to  friction  and  inertia. 

The  controller  differs  from  that  shown  in  Fig.  1  in  the  con- 
nections to  the  shunt  field  relay.   In  this  case  a  "fluttering"  or 
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Fig.  15— 15-h.p.  Motor — 400-1600  rev.  per  min. 


"vibrating"  relay  was  substituted  for  the  series  switch.  Pro- 
vision is  made  for  keeping  these  relay  contacts  closed  during 
acceleration,  by  using  more  ampere  turns  on  the  relay  during 
this  period.    (See  Fig.  27.) 
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This  fluttering  relay  is  arranged  to  close  its  contacts  when 
the  current  exceeds  a  fixed  value,  and  to  open  the  contacts  when 
the  current  is  reduced  below  this  value.  The  difference  between 
the  closing  and  opening  values  of  current  is  about  10  per  cent. 


TIME  IN  SECONDS 

Fig.  16 — 15-h.p.  Motor— 400-1600  rev.  per  min. 

The  object  of  the  relay  is  to  control  the  weakening  of  the  shunt 
field  during  the  period  of  acceleration  from  400  rev.  per  min. 
to  a  higher  speed,  depending  upon  the  setting  of  the  field  rheostat. 
It  operates  in  a  similar  manner  to  a  voltage  regulator.  The 
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Fig.  17 — 15-h.p.  Motor — 400-1600  rev.  per  min. 

relay  contacts  short-circuit  the  field  rheostat,  the  rapid  cutting 
in  and  out  of  the  field  rheostat  tending  to  retard  the  weakening 
of  the  shunt  field. 

Tests  shown  by  Figs.  15,  16  and  17  indicate  that  the  action 
of  such  a  relay  is  not  very  smooth.    When  this  principle  is 
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applied  to  the  exciter  of  a  large  d-c.  generator,  the  pulsations 
are  damped  out  to  a  considerably  greater  extent.  Moreover, 
the  parts  of  the  voltage  regulator  are  lighter  and  the  regulator 
is  much  quicker  in  its  operation  and  much  more  sensitive  to  a 
change  in  current. 
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Fig.  18— 15-h.p.  Motor — 400-1600  rev.  per  min. 

By  comparing  these  curves  with  the  preceding  curves,  made 
on  a  three-to-one  adjustable  speed  motor,  it  will  be  seen  that 
the  armature  current  and  torque  are  considerably  more  dis- 
turbed when  the  relay  is  used,  than  in  the  cases  where  this  relay 
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Fig.  19 — 15-h.p.  Motor — 400-1600  rev.  per  min. 


is  omitted.  It  would,  therefore,  seem  unwise  to  add  this  com- 
plication to  the  average  small  motor. 

There  is  another  objection  to  the  use  of  this  relay.  If  we 
consider  the  above  motor  operating  at  1600  rev.  per  min.,  and 
quickly  move  the  field  rheostat  to  reduce  the  motor  speed  to 
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1200  rev.  per  min.,  the  motor  will  regenerate  and  cause  a  heavy 
reverse  current  to  flow.  This  excess  current  will  lift  the  flutter- 
ing relay  and  short-circuit  the  field  rheostat.  This  action  still 
further  increases  the  field  strength  of  the  motor  and  causes  an 
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Fig.  20 — 15-h.p.  Motor — 400-1600  rev.  per  min. 


increase  in  the  armature  current.  The  action  of  the  relay  in 
this  case  is  the  reverse  of  its  operation  during  acceleration, 
and  has  a  very  undesirable  effect. 

In  order  to  correct  this  difficulty,  a  second  relay  known  as  a 
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Fig.  21— 15-h.p.  Motor— 400-1600  rev.  per  min. 


44 transfer* 9  relay  has  been  used.  This  relay  has  a  compound 
winding  so  arranged  that  it  reverses  the  connections  to  the 
fluttering  relay  when  the  motor  regenerates.  In  order  to  properly 
protect  the  motor  it  is,  therefore,  necessary  to  use  two  relays 
instead  of  one.   Controllers  for  paper  calenders,  printing  presses 
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and  other  applications  having  motor-operated  field  rheostats, 
can  use  the  fluttering  relay  without  a  transfer  relay,  as  the 
movement  of  the  field  rheostat  is  slow. 

Dynamic  Braking.  This  same  15-h.p.  four-to-one  adjustable 
speed  motor  was  arranged  for  dynamic  braking.  The  connec- 
tions were  such  that  the  field  rheostat  could  be  short-circuited 
during  the  period  of  braking.  Figs.  18  and  19  show  the  braking 
characteristics  with  the  field  strength  remaining  constant  and 
the  motor  operating  at  1600  rev.  per  min.  when  the  dynamic 
brake  was  applied.    The  drift  in  this  case  was  considerable, 
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Pig.  22— Constant-Speed  Motor — 20-h.p. — 230  Volts — 750  rfv. 

per  MIN. 

as  the  motor  was  belted  to  a  generator  and  there  was  very  little 
friction  to  assist  in  bringing  the  load  to  rest. 

Figs.  20  and  21  show  dynamic  braking  with  exactly  the 
same  conditions  as  the  two  previous  curves,  except  the  field 
rheostat  was  short-circuited  during  this  braking  period.  The 
action  of  the  shunt  field  in  this  case  is  very  interesting.  The  in- 
crease in  the  field  strength  maintained  the  armature  current  at 
a  fairly  constant  value  over  a  considerable  part  of  the  retarda- 
tion, the  resultant  torque  curve  showing  very  well  sustained  re- 
tarding effort.  This  indicates  that  the  action  on  an  adjustable 
speed  motor  gives  very  satisfactory  results  without  the  use  of 
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additional  steps  in  the  dynamic  brake  resistance.  Under  normal 
operating  conditions  the  friction  load  would  be  sufficient  to 
bring  the  motor  quickly  to  rest  from  the  low  speed.  In  the  ab- 
sence of  considerable  friction  a  mechanical  brake  should  be  used 
to  obtain  a  quick  stop,  as  very  little  dynamic  braking  can  be 
obtained  when  the  motor  reaches  low  speeds. 

Summary  of  Tests 
1.    It  seems  unnecessary,  with  automatic  acceleration,  to 
use  more  than  one  switch  to  short-circuit  the  armature  resistor 
used  with  small  motors  except  where  special  requirements  are  to 
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PiG/  23— Low-Speed— 20-h.p.  Motor— 230- Volts— 500 — 1500  rev. 

PER  MIN. 


be  met.  I  believe  it  is  practicable  to  use  one  switch  with  mo- 
tors as  large  as  15  h.p.  for  general  purposes,  and  operate  this 
switch  by  counter  e.m.f.,  setting  the  switch  to  close  at  75  per 
cent  of  normal  voltage. 

2.  If  the  motor  field  is  zero,  or  has  a  small  value,  when  the 
line  switch  is  closed,  the  starting  torque  is  also  zero  or  has  only 
a  smal  value  and  it  will  increase  gradually  so  that  the  motor, 
or  its  load,  will  not  be  subjected  to  a  heavy  shock  or  jar  when 
the  lost  motion  in  the  drive  is  taken  up. 

3.  The  shunt  field  of  small  adjustable  speed  motors  can  be 
reduced  in  one  step  under  normal  load  conditions  without  fear 
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of  undue  torque  or  current.  I  believe  this  practise  can  be  safely 
followed  with  50-h.p.  motors  and  perhaps  larger.  This  covers 
the  usual  range  of  sizes  for  this  type  of  motor. 

I  believe  that  most  machine  tool  motors  are  always  started 
light.  Under  this  condition  the  motor  can  be  started  success- 
fully with  minimum  field  strength  and  the  field  relay  omitted. 
This  will  enable  us  to  use  the  same  controller  for  constant  speed 
and  adjustable  speed  motors  supplying  a  separately  mounted 
field  rheostat  for  the  latter. 

4.  Adjustable  speed  motors  can  use  one  step  of  resistance 
for  dynamic  braking  as  the  change  in  field  strength  tends  to 


Efficiency 


UNE  AMPS. 

Fig.  24— High-Speed— 20-h. p.  Motor— 230  Volts— 500-1500  rev. 

PER  MIN. 

maintain  the  braking  current  constant  over  a  considerable  range 
of  speed. 

5.  The  use  of  a  "vibrating"  or  "fluttering"  relay  is  bad 
engineering  for  hand-operated  field  rheostats,  unless  a  "transfer" 
relay  is  also  used  to  reverse  its  action  when  the  motor  regen- 
erates. 

6.  The  time  required  to  accelerate  to  95  per  cent  of  speed  is 
very  short.  In  these  tests  the  time  did  not  exceed  ihree  seconds. 

New  Problems 
There  are  very  few  problems  which  present  a  more  fertile 
field  than  the  control  of  adjustable  speed  motors.  The  foregoing 
discussion  covers  only  a  few  of  the  questions  involved.  The 
writer  has  observed  cases  where  gearing  has  broken,  due  to 
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a  momentary  reverse  torque  of  the  motor.  It  is  important  to  see 
that  all  interlocks  or  relays  connected  to  the  shunt  field  resistance 
are  so  arranged  that  they  cannot  cause  a  momentary  reverse 
torque  of  the  motor.  After  a  positive  torque  has  been  applied 
to  machinery,  and  all  of  the  lost  motion  taken  up,  it  is  seldom 
that  any  part  of  the  apparatus  is  injured,  even  if  the  driving 
torque  varies  over  a  considerable  range,  provided  this  torque 
is  always  positive.  A  slight  negative  torque  allows  lost  motion 
to  occur,  and  is  apt  to  break  some  part  of  the  apparatus,  due  to 
the  hammering  blow  effect,  when  the  positive  torque  is  resumed. 


This  reverse  torque  may  also  be  caused  by  a  drop  in  the  line 
voltage  below  the  counter  e.m.f.  of  the  motor,  or  it  may  occur 
due  to  a  rapid  movement  of  the  field  rheostat. 

Trouble  may  also  result  from  increasing  the  field  strength 
of  a  motor  when  it  is  disconnected  from  the  line.  For  example, 
a  400  to  1600-rev.  per  min.  motor  is  operating  at  its  maximum 
speed.  If  the  controller  disconnects  the  motor  armature  from 
the  line,  and  at  the  same  time  increases  the  field  strength  to  its 
maximum  value,  the  voltage  across  the  brushes  of  the  motor 
will  rise  to  something  over  three  times  normal  voltage,  unless 
the  armature  is  slowed  down  very  quickly.   It  can  readily  be 


272 


JAMES:  INDUSTRIAL  CONTROLLERS 


[Feb.  16 


seen  that  a  500-volt  motor,  having  over  1700  volts  across  its 
brushes,  is  apt  to  flash  across  at  some  part  of  its  insulation  and 
untimately  be  damaged.   This  rise  of  voltage  has  actually  been 


line  amps. 

Fig.  26 — High-Speed — 15-h.p.  Motor— 230  Volts— 400-1600  rev. 

PER  MIN. 


observed,  and  care  must  be  taken  not  to  manipulate  the  shunt 
field  so  as  to  cause  it. 

The  use  of  dynamic  braking  introduces  a  good  many  inter- 
esting problems,  both  mechanica1  and  electrical.  The  additional 


CONTROL  PANEL  (RurView) 
•Rao;. 


Fig.  27 — Diagram  of  Connections 


heating  effect  on  the  motor  is  well  known.  The  effect,  however, 
upon  the  loading  and  lubrication  of  bearings,  is  not  so  well  under- 
stood. The  resu'tant  change  in  the  field  flux  of  the  motor,  and 
the  rate  of  change  of  current,  are  other  problems. 
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The  whole  field  of  controller  engineering  presents  many 
opportunities  for  the  investigator.  It  has  many  problems  that 
have  not  yet  been  solved,  and  I  believe  that  engineers  should 
not  take  the  existing  practise  in  controller  engineering  for 
granted,  but  study  each  application  in  a  thorough  manner, 
and  design  as  simple  a  controller  as  possible  for  the  work. 

The  author  wishes  to  acknowledge  the  assistance  of  Professor 
D.  Rowell,  of  Purdue  University,  in  analyzing  some  of  these 
curves  and  in  making  suggestions  for  future  tests. 


Prtstnttd  at  the  Fifth  Midwinter  Convention  of 
the  American  Institute  of  Electrical  Engineers, 
New  York,  February  16,  JQJ7- 


Copyright  1017.    By  A.  I.  E.  B. 


ANALYSIS  OF  STARTING  CHARACTERISTICS  OF 
DIRECT-CURRENT  MOTORS 


BY  K.  L.  HANSEN 

Abstract  of  Paper 

In  this  paper  are  derived  the  mathematical  expressions  for  the 
current,  speed,  torque  and  power  at  any  time  during  the  acceler- 
ating period  when  a  shunt,  series  or  compound  motor  is  connected 
to  a  supply  line. 


THE  determination  of  the  torque  required  to  accelerate  a 
given  mass  to  any  desired  speed  in  a  given  time  is  a  problem 
frequently  met  with  in  engineering  practise.  It  has  been  shown 
in  text  books  on  mechanics,  that  the  speed  of  a  revolving  mass 
after  a  time  of  t  seconds  is 

307.5  XT0Xt  v 
rev.  permin.  =   Wx  & —  (1) 

where  Ta    =  accelerating  torque  in  pounds  at  one  foot  radius 
W    =  weight  in  pounds 
G     =  radius  of  gyration  in  feet. 

Formula  (1)  holds  only  when  the  torque  remains  constant.  In 
d-c.  motors  the  torque  is  constant  only  when  the  current  and 
flux  remain  constant.  In  many  applications,  especially  where 
a  smooth  acceleration  is  required,  as  for  example  in  starting  trains, 
street  cars,  elevators,  etc.,  this  condition  is  approximately  re- 
alized by  gradually  cutting  out  the  starting  resistance.  With  a 
sufficiently  large  resistance  and  a  great  number  of  steps,  the 
current  may  be  limited  to  a  given  percentage  above  normal  (as 
20  per  cent  or  25  per  cent)  and  the  torque  may  be  considered 
constant. 

There  are,  however,  many  applications  in  which  the  object  is 
to  accelerate  as  rapidly  as  the  motors  will  stand,  and  the  starting 
resistance  has  only  a  few  steps  or  is  left  out  altogether.  In 
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such  cases  it  is  evident  that  the  current  and  torque  do  not  re- 
main constant,  and  formula  (1)  would  not  hold.  When  a  motor 
is  thrown  directly  on  the  line  or  the  starting  resistance  is  low, 
the  starting  current  may  reach  a  value  many  times  the  normal 
current.  It  is  then  not  sufficient  merely  to  know  the  time  re- 
quired to  accelerate  to  a  certain  speed,  but  the  power  developed 
by  the  windings  must  be  determined  to  insure  that  dangerous 
overloads  are  not  reached.  There  are,  moreover,  many  indus- 
trial operations  where  the  motor  is  started  and  reversed  at 
frequent  intervals  and  the  power  required  for  acceleration  may 
be  a  considerable  portion  of  the  total  load.  In  such  cases  it  is 
necessary  to  know  the  r.m.s.  value  of  the  current  in  order  to 
choose  a  motor  with  proper  capacity  and  avoid  excessive  heating. 

The  problem  then  is  to  obtain  mathematical  expressions  for 
the  current,  speed,  torque  and  power  at  any  time  during  the 
accelerating  period  when  a  motor  is  connected  to  a  supply  cir- 
cuit. Closely  connected  with  this,  is  the  problem  of  dynamic 
braking  where  a  revolving  mass  is  brought  to  a  stop  by  dissi- 
pating part  of  the  stored  energy  in  a  resistance  through  which 
the  armature  windings  have  been  short-circuited.  Another  ap- 
plication involving  both  phases  of  the  problem  is  the  flywheel 
motor-generator  set,  in  which  electrical  energy  is  converted  into 
mechanical  energy  and  partly  stored  in  a  flywheel.  At  peak 
loads  the  stored  energy  is  again  converted  into  electrical  energy. 

Approximations  of  the  speed,  torque  and  current  curves  during 
the  acceleration  may  be  obtained  by  assuming  the  torque  con- 
stant for  a  small  period  of  time.  The  speed  and  current  at  the 
end  of  this  period  may  then  be  calculated,  and  the  torque  based 
on  this  new  value  of  the  current  again  assumed  constant  for  a 
small  period.  A  sufficient  number  of  points  may  be  obtained  by 
this  step  by  step  calculation  to  draw  the  curves.  This  method  has 
the  disadvantage,  however,  that  it  does  not  show  at  a  glance  the 
relation  which  the  quantities  entering  into  the  problem  bear  to 
one  another,  and  the  way  in  which  a  change  in  one  or  more  of 
them  will  modify  the  curves.  This  paper  is  an  attempt  to  ar- 
rive at  a  more  general  solution. 

Shunt  Motors 
It  has  been  shown  in  numerous  text  books  and  articles  on 
armature  reaction  in  d-c.  machines  that  there  is  no  demag- 
netizing effect  due  to  the  main  armature  current  when  motors 
are  operated  on  no-load  neutral.    There  is,  however,  a  distortion 
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of  the  main  field  under  load  due  to  cross-magnetization,  and  as  the 
teeth  and  pole  tips  are  usually  saturated  to  some  extent,  the  in- 
crease in  flux  on  one  side  of  the  pole  is  less  than  the  reduction  on 
the  other.  The  net  result  is  then  a  decrease  in  the  total  flux 
per  pole  under  load.  In  commutating-pole  motors  where  rela- 
tively small  air  gaps  are  used,  it  is  customary  to  supply  a  compen- 
sating winding  in  order  to  insure  stability.  It  will  be  assumed 
that  this  winding  is  just  about  sufficient  to  compensate  the  flux 
reduction  due  to  distortion,  and  the  flux  may  be  considered 
constant. 

When  the  terminals  of  a  shunt  motor  are  connected  with  the 
supply  line,  the  impressed  voltage  must  be  balanced  by  the 
counter  e.m.f.  due  to  resistance  and  the  counter  e.m.f.  due  to 
rotation.  If  R  be  the  resistance  of  all  circuits  in  series,  the  first 
of  these  is  R  i.  The  counter  e.m.f.  of  rotation  is  expressed  by 
the  formula 

_  BXTX  4>X  KX  rev,  permin.  ^ 
6  6  X  10*  W 


where  B     =  number  of  commutator  bars 

T     =  number  of  turns  in  series  per  commutator  bar 

4>     =  flux  per  pole  in  kilolines 

K    =  2  in  multiple  wound  armatures 

=  number  of  poles  in  two-circuit-wound  armatures. 

As  previously  stated,  when  the  torque  is  constant,  the  acceler- 
ation is  constant,  and  the  speed  is  directly  proportional  to  the 
accelerating  torque  and  the  time.  When  the  torque  is  not  con- 
stant the  speed  is  no  longer  proportional  to  the  time,  but  the 
time  rate  of  change  in  speed  is  proportional  to  the  accelerating 
torque  and  if  5  be  the  number  of  revolutions  per  minute; 

dS      307.5  X  Ta  (  . 

when  starting  from  standstill  the  speed  at  any  time  t  is 


VP 

0 


The  accelerating  torque  Ta  is  the  difference  between  the 
torque  developed  by  the  motor  windings  and  the  counter  torque. 
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The  torque  developed  by  the  windings  expressed  in  pounds  at 
one  foot  radius  is 

_         bxtx<i>xkx ;«  ,.N 

TorqUe  =   8.52  X  10*   (6) 

Where  ia  is  the  armature  current  and  the  remaining  symbols 
have  the  same  meaning  as  in  the  counter  e.m.f.  formula. 

The  counter  torque  Tc  consists  of  bearing  friction,  windage, 
hysteresis  and  the  friction  load.  The  friction  load  may  be  ap- 
proximately constant  or  may  vary  with  the  speed,  according  to 
some  law,  in  which  case  it  can  be  expressed  as  a  function  of  the 
speed.  Assume  first,  the  counter  torque  to  be  constant;  the  ac- 
celerating torque  then  is 

Ia"  8.52  X  10*  c  w 

Substitute  formula  (6)  in  speed  formula  (4) 
307.5 


5  = 


WX 


5  C/B  XTXipXKXia  T\  m 
~&  J  \        8.52  X  10*  Ie)dt  {V 


Substituting  formula  (7)  for  rev.  per  min.  in  formula  (2)  for 
induced  volts,  we  get 

#  _  6X(Bxrx^XJT)'  f .  .  , 

e  ~     io»  xw  x  g1  yaat 

0 


^.yixbxtx^xk  ^  ^  fa. 

10*  X  W  X  G*        Iedt  W 


r  ±.  rr        6  X  Q8  X  T  X  <t>  X  KY    A  _b.UXBX<t>XKXT 

LelKl         10"  x  w  x  &      ana  2"  WXWXCP 

The  e.m.f.  equation  may  then  be  written: — 

E  -  Ria  +  Kx  ^  iadt-  K%  J*  Tedt  (9) 

0  0 

Equation  (9)  is  not  complete  because  it  does  not  take  into 
account  the  counter  e.m.f.  of  self  induction  and  the  mutual  in- 
duction between  the  shunt  and  compensating  coil.  It  will  be 
shown  later  that  the  effect  of  these  is  of  so  short  duration,  com- 
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pared  with  time  to  accelerate  to  full  speed,  that,  except  in  special 
cases,  they  may  be  omitted. 

Differentiating  equation  (9)  with  respect  to  t  to  free  it  from 
integral  sign, 

Dividing  by  R  and  transposing, 

d  ig   ,    Ki   .    _  K%  Te 
dt        R    ta  R 

A  linear  differential  equation  of  first  order  integrated  by  the 
equation 


where  A  is  a  constant  of  integration. 
Integrating  and  reducing  we  have 


ia  =     Te  +  A  €  R 

If  ia  =  I0  when  t  =  0  then 

A  =  I0  —  g  Tc 

and 


E 

when  starting  from  a  standstill  I0  =  —5-  and  therefore 

Is. 

i--£r-  +  (4-f-r-K*'  <i«> 

After  a  theoretically  infinite  (but  practically  very  short)  time 
the  term  containing  the  factor  €  R  becomes  equal  to  zero  and 
the  current  becomes         Tct  which  is  the  current  required  to 

develop  full-load  torque.  From  the  value  of  the  current,  the 
speed  and  torque  and  power  output  can  easily  be  calculated. 
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If  the  counter  torque  Te  is  neglected,  formula  (10)  reduces  to 

*o  =  -f-e   R  (ID 
The  instantaneous  value  of  the  power  input  is 

Pt-Ei.-j^e   *  (12) 
The  total  watt-seconds  energy  to  bring  the  motor  up  to  speed 

is 


o  o 


The  total  energy  expended  in  heating  the  windings  is 

it 


E* 
2JC, 

The  instantaneous  value  of  the  power  output  is 
and  the  total  energy  developed  by  the  motor  windings  is 
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which  is  the  energy  stored  in  the  revolving  parts.  If  Te  is 
negligible,  the  counter  e.m.f.  at  full  speed  becomes  equal  to  the 
impressed  e.m.f.    Substituting  the  values  of  E  (or  e)  and  K\  in 

550 

this  formula  and  multiplying  by  to  convert  from  watt-sec- 
onds to  foot-pounds,  we  have 


Foot-Pounds  =  (rev.  per  min.)2  X  W  X  G2 

OoOU 


2xW(2TXfyCTmin-)'xc,x'y  <"> 


which  is  the  usual  expression  for  the  energy  stored  in  a  revolv- 
ing mass.  Hence  the  total  energy  input  is  divided  in  two  halves, 
one  half  being  expended  in  heating  the  windings  and  the  other 
half  stored  in  the  rotating  mass. 

This  result  can  be  arrived  at  directly  from  physical  consider- 
ations. Suppose  a  motor  to  be  running  at  no  load  and  that  the 
friction  losses  are  negligible.  The  counter  e.m.f.  is  equal  to  the 
impressed  e.m.f.  E,  and  if  the  motor  terminals  are  disconnected 
from  the  line  and  short-circuited  upon  themselves,  the  momen- 
tary value  of  the  short-circuit  current  (neglecting  self-induction) 
E 

is  The  torque  developed  by  the  motor  windings  now  be- 

comes the  counter  or  decelerating  torque,  and  if  a  constant  flux 
is  maintained,  the  current  decreases  to  zero  in  the  same  manner 
as  when  accelerating  from  stand  still  to  full  speed.  The  copper 
losses  in  the  two  cases  are  therefore  the  same,  and  in  the  deceler- 
ating case  the  only  way  in  which  the  stored  energy  can  be  dis- 
sipated is  in  heating  the  windings.  When  accelerating  from 
zero  to  full  speed,  the  energy  stored  in  the  moving  parts  is  there- 
fore equal  to  the  energy  dissipated  in  the  resistance.  While  the 
copper  losses  in  the  two  cases  are  the  same,  from  the  standpoint 
of  commutation,  the  condition  is  much  more  severe  when  the 
windings  are  short-circuited  and  the  motor  brought  to  a  stop. 
The  induced  voltage  and  current  are  in  that  case  a  maximum  at 
the  same  instant  and  the  maximum  power  is  much  greater. 

As  an  illustration,  consider  a  5-h.p.,  230-volt,  525-rev.  per 
min.  motor  with  the  following  characteristics:  R  =  1.8,  B 
-  6  and  $  =  840. 
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Constant  Torque.   Assume  the  moment  of  inertia  of  the  arma- 
ture and  load  =  W  X  G*  =  75 
Hence, 

„  =  6  X(111  X6  X840X4)*  = 
1  10"  X  75 

„  5.12  X  2,240,000  ,  _„ 
Ki  10^75         =  153 

Tc  =  50 

Armature  current  at  full  load  — =-2  Te  =  19.2  amperes 
From  (10)  we  get:   ia  =  (128-  19.2)  €  1  8    +  19.2 


Fig.  1 


The  current,  speed  and  power  curves  are  shown  in  Fig.  1 
plotted  against  time  in  seconds,  as  abscissa. 

Assuming  now  that  a  resistance  is  inserted  to  limit  the  starting 
current  to  approximately  three  times  the  full-load  current. 
This  would  require  a  total  resistance  of  four  ohms  or  an  external 
resistance  of  2.2  ohms.  The  curves  are  shown  in  Fig.  2.  It  will 
be  noticed  that  the  maximum  power  output  when  the  resistance 
is  cut  out  is  almost  as  great  as  when  no  resistance  was  used.  In 
order  to  limit  the  power  output  the  resistance  must  be  cut  out 
in  two  or  more  steps. 

So  far  in  this  discussion  it  has  been  assumed  that  the  counter 
torque  was  constant.    In  practise  it  may  be  approximately  con- 
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stant  or  may  vary  with  the  speed  in  a  great  variety  of  ways, 
giving  rise  to  many  interesting  problems.  It  may  vary  period- 
ically becoming  zero  at  regular  intervals,  and  it  may  become 
negative  or  in  the  same  direction  as  the  motor  torque  through 
part  of  the  cycle. 

Varying  Counter  Torque,  As  an  illustration  of  a  case  in  which 
the  torque  is  some  function  of  the  speed  assume  that  the  torque 
varies  as  the  square  of  the  speed.  A  direct-connected  fan  is  an 
example  of  this,  because  the  air  pressure  and  consequently  the 
torque  varies  as  the  square  of  the  speed. 

The  counter  torque  may  then  be  expressed  as  the  product  of 
a  constant  and  the  square  of  the  speed  thus: 

Tc  =  CS* 


6    €00  60 


X  4    400  40 

5  I 

2    200  20 


t 

 An 

JlOUt 

2  2"E 

xierna 

tanct  J 

Rm»i 

inc#  C 

3  4 

SECONDS 


Pig.  2 

and  the  accelerating  torque  becomes 

BXTX<t>XKXia     n  cs 
T'  8.52  X  10*  C*  (15) 

Substituting  then  in  formula  (16)  the  value  of  S, 

„  =     e  X  6  X  10*     =  (E-Ri0)  X  6  X  10* 
BXTX<f>XK       B  XTX&XK 


BXTX<l>XKXia 
8.52  X  10» 


_  r  r(E  -Ria)X6X  10*~i»  ) 
CL   B  X  T  X  <j>  X  K  Jl 
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As  in  (3)  the  time-rate  of  change  of  speed  equals  accelerating 
torque: 

ds        307.5       \B  X  TX4>  X  K  X  ia 
dt   ~  WX&     \        8.52  X  106 


As  before  the  stun  of  the  induced  volts  and  the  R  ia  drop  must 
be  equal  to  the  impressed  volts  thus: 

u  —  i?  :  _i_  B  X  T  X  <j>  X  K  „ 

E~Rt'  +  Txlos —  5 

Differentiating  with  respect  to  t 

K  du  BXTXQXK  d£ 
K  dt  +       6  X  10«  dt 


Substituting  the  value  of  jj-  from  (16) 


jfdu       307.5       BXTXQXK  ( BXTX<t>XKia 
dt+WX&  6X10*         I       8.52  X  10s 


r(£-jgi„)  X6X  10»1'|  =n 

Bxrx^xJT  Jf 

Multiplying  and  reducing 

di.     &X(BXTX<I>XK)*  . 
"  dt  +        10"  X  WXG*  *" 


1.845  X  10*  . 

C  {E  —  R  t0)*  «■  0 


now  let  K\  = 


WX&XBXTX4XK 
6X(BX  TX<t>XK)* 


10"  XWXG1 
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1.845  XlffXC 
and      A,  bxTX^XXXIFXP 


2?  ^?  +  Ki  u  -  Kt  (E  -  R  *)»  =  0 


R      -  Kx  E*  +  (Ki  +  2  Kt  R  E)  ia  -  K,  R*  i.*  -  0 

a  t 


—KiE*  +(Ki  +  2K,RE)  t.-tf,!?1*.* 
Let  K,  E?  =  a,  Kx  +  2  Kt  R  E  =  2  b,  Kt  R*  =  c,  and  substitute, 

—  a  +  2  6  ia  —  c  ia2 

Multiplying  numerator  and  denominator  by  ct 

 Rdcig   —     £  t 

-  ac  +  2bcia—  c2ia2  "~ 

adding  and  subtracting  b2  in  the  denominator, 

-  -  dt 


Rd  c  ia 


b2-ac-  (c2ia2-2bcia  +  b2) 
d  (cia  —  b)  =  dc  ia  b  being  a  constant,  hence 

Rd(cia-b)      =  _  dt 
b2  —  ac  —  (cia—  b)2 

R  I       d(cta  -b)  a  constant  of  integration  =  -  t  (17) 

I  b2  —  a  c  —  (c  fa  —  b)2 

dx 

The  expression  under  the  integral  sign  is  of  the  form  ^  _  x 
which  is  integrated  by  ^ pf- x*  =  jfp log  B^HO 
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Integrating  (17) 

Vb*-ac  +  (cig-b) 


 ,  log  I  v   1+  a  constant  =  —  t 


Let  constant  of  integration  =  ,  log  A 

5  2Vb*-ac 

and  we  have 


2  Vi>* 


>J-ac  '      L  Vb*-ac- (cu-b)  J  » 


2        -  ac 


yy-  oc  +       b)  ^  A  €      r    '  (18j 

ac  -  (cia  -  b) 


Now  when  /  =  0   i  =  and 


A  =  jg  Vy-  ac  +  cE-frig 
Solving  equation  (18)  for  ifl 


2yW-oc 

.  =  i4€"      *         (Vb^ac  +  b)- VP- ac+b  (19) 

*a  2  y/b*-a<. 


1+A*       R  ) 


Using  same  illustration  as  before  C  X  (525)2  =  50,  C= 0.000182 
Ki  =  4,  X,  =  0.00199,  a  =  105  £>  =  2.83  c  =  0.00642 

VV- ac  =  2.705,  4  =0.148  and  substituting  in  (19)  and 
reducing 

0.817  €"3'  +  0.125 


0.00642(1+0.148  €~3') 


The  curves  are  shown  in  Fig.  3.  The  current  decreases  and  the 
speed  rises  more  rapidly  than  with  constant  torque,  but  the  dif- 
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Differentiating  with  respect  to  ty 


Dividing  by  ^-y. 

lb  a  R  .    b2  R  \  di  .  v  la*  E     b  a  E\di 

\—  +  ~r)  Tt  +  Ki  =  -\-ir  +  T)Tt 

Transposing: 

/b*  R  .  b  a  R  ,  b  a  E  ,  a*  E\di  .  „  n 

\—  +  —  +  ~r  +  ~r)n  +  Kl  =  0 

+  a*  £J*ir  +  Ki  jd  1  =  A 


«.*  n  i  ba  R  ba  E  a2  E  ,  ^  .  A 
VRl0gt-   _  ^t  +  Ktt  =  A 


.  .  b  a  R  .   baE  ,   a*  E     . t  D ,  . 

A  +  —  + 1?-  +  TP-  y^tog,* 

'  ^ 

(20) 

If  log  »  is  taken  to  the  base  10,  the  last  term  must  be  multi- 
plied by  ,— —  =  2.31  thus: 
logi,€ 

A+baR     baE     a*  E    „,1W».  • 
'  K, 

(21) 
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The  constant  of  integration  A  is  found  from  the  initial  con- 
dition  when  t  =  0  i  = 

Assume  that  the  shunt  and  compensating  coils  have  been  re- 
moved and  the  motor  supplied  with  a  series  field  of  100  turns 
per  coil.  The  resistance  of  the  main  circuit  will  be  changed  to 
2.3  ohms,  and  the  following  constants  are  found  from  the  satur- 
ation curve: 

$  _  56,  a  =  0.62,  b  -  0.041 


8 


Fig.  5 


Hence 

Kl  =  6X(11\*  ^  *  56)'-0.0177  A  =  0.0169 


nm«n  .  0.0584  ,  2.92  ,  29 .5  AnnQftl 
0.0169  H  :  1 — ^-  H  = —  0.0089  logio  * 


t  = 


The  curves  are  shown  in  Fig.  5  and  it  will  be  noticed  that 
compared  with  the  shunt  machine,  Fig.  1,  the  current  falls  more 
rapidly  at  the  start,  due  to  the  heavy  torque,  but  the  approach 
to  the  final  value  is  more  gradual  as  the  flux  decreases  with  the 
current.  It  will  be  further  noticed  that  the  speed  rises  above 
normal  and,  under  the  assumption  made  of  no  counter  torque, 
would  continue  to  rise.  This  is  a  condition  which  of  course 
would  not  be  likely  to  occur  in  practise,  as  a  series  motor  should 
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never  be  applied  where  there  is  a  possibility  that  its  load  may  be 
entirely  removed.  If  a  counter  torque,  corresponding  to  the  full- 
load  torque  had  been  assumed,  the  first  part  of  the  curves  would 
not  be  greatly  modified,  but  at  about  0.6  or  0.7  of  a  second,  the 
speed  and  power  curves  bend  rather  sharply,  and  gradually  ap- 
proach their  final  values. 

The  curves  also  indicate  that  in  case  of  compound  motors  with 
the  usual  amount  of  compounding,  it  is  sufficiently  accurate  to 
use  an  average  value  of  the  flux  and  assume  it  constant  over  the 
accelerating  period. 


Effect  of  Self  and  Mutual  Induction  Considered.  It  has  been 
stated  that  the  effect  of  self  and  mutual  induction  is  usually  not 
sufficient  to  appreciably  modify  the  curves.  There  are  cases, 
however,  in  which  the  peak  value  of  the  current  may  be  reduced 
considerably  by  self-induction,  and  while  the  mutual  induction 
between  the  shunt  and  series  coils  has  practically  no  effect  on 
the  acceleration,  it  is  interesting  to  note  the  change  in  the  shunt- 
field  current  due  to  the  main  current.  The  discussion  of  the 
self  and  mutual  induction  is  best  taken  up  in  connection  with 
the  study  of  the  compound  motor,  because  the  series  fieH  is 
strong  enough  to  have  marked  effect  on  the  shunt-field  current. 

It  has  already  been  pointed  out  that  when  the  flux  varies 
over  a  small  range,  an  average  constant  value  of  the  flux  can  be 
used,  and  the  counter  e.m.f.  due  to  rotation  is  as  before  (neg- 
lecting counter  torque), 


Let  Li  =  coefficient  of  self  induction  of  main  circuit,  L2  =  co- 
efficient of  self  induction  of  shunt  field,  M  =  mutual  induction 
between  main  circuit  and  shunt  field,  rf  =  resistance  of  shunt 
field. 

We  have  for  the  differential  equation  of  main  circuit : 


Compound  Motors 


(22) 


and  for  the  differential  equation  of  shunt-field  circuit, 


+  Mf(+r,i,  =  E 


(23) 
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Differentiating  equation  (22)  with  respect  to  t,  to  free  it  from 
integral  sign, 

In  symbolic  notation,  equations  (23)  and  (24)  may  be  written: 

Li  D1  ia  +  M D*  if  +  R  D  ia  +  Kiia  =  0 
LtDif  +  M  Dia  +  rfif  «  E 

As  the  operator  D  obeys  the  commutative  and  distributive  laws 
of  algebra,  these  equations  can  be  treated  algebraically  thus: 

(Li  D*  +  R  D  +  KO  itt  +  MD*if  =  0 
MDia  + (L2D +rf)if  =£ 


eliminating  if 

(LXD%  +  RD  +  Ki)      MB1  I  ia  - 
M D  L2D  +rf  J 

expanding  the  determinants 


0  MD* 
E  (L*D  +  rf) 


[(Li  U  —  M2)  D*  +  (L,  R  +  L,  rf)  D*  +  (L,  K,  +  rfR)D 

+  r/Kl]im-0 

Let  Lx Lt -  AP  =  Afj,  L%R  +  Lxrf=  Mit  L%KX  +  rfR 

—  Mi,  T/K\  =  3/4 

the  auxiliary  equation  becomes 

Mi  D*  +  Mi  D*  +  Mi  D  +  Mi  =  0 

This  cubic  can  be  solved  algebraically  by  Cardan's  method, 
but  it  is  usually  easier  to  substitute  the  numerical  values  of  the 
coefficients  and  solve  by  Horner's  method  of  approximation: 

If  au  a2,  as,  are  the  roots  of  the  cubic,  the  solution  of  the  dif- 
ferential equation  is 

ia  -  Ax      +  At  €"■'  +  Az  (25) 
where  A\A%  and  A%  are  constants  of  integration. 

The  term  M  ^jf  can  then  be  expressed  as  a  function  of  the 
time  /  (0  and  if  substituted  in  equation  (23)  it  becomes 
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a  linear  equation  of  first  degree,  the  solution  of  which  is 


The  self  induction  of  the  main  circuit  of  a  d-c.  machine  when 
the  field  is  excited  to  a  point  somewhat  above  the  knee  of  the  satu- 
ration curve,  is  due  almost  entirely  to  the  distortion  of  the  main 
field  and  is  nearly  constant  over  a  wide  range  in  armature  current. 
It  does,  however,  decrease  with  the  saturation  of  the  main  field. 
With  no  field  excitation  the  flux  set  up  by*  the  armature  m.m.f. 
can  be  estimated,  and  the  number  of  interlinkages  of  this  flux 
with  the  armature  conductors  divided  by  the  square  of  the  num- 
ber of  circuits  in  parallel  is  the  coefficient  of  self  induction.  The 
field  excited  by  self  induction  is  estimated  in  the  same  way  ex- 
cept that  the  saturation  must  be  taken  into  account.  The  self 
induction  of  the  series  field  is  usually  very  small  compared  with 
that  of  the  armature. 

When  the  armature  current  of  a  compound  motor  is  suddenly 
increased,  the  effect  on  the  magnetic  circuit  is  two-fold.  The 
series  field  tends  to  increase  the  flux  and  the  cross-magnetization 
of  the  armature  tends  to  decrease  it.  If  the  net  result  is  to 
increase  the  flux,  and  it  usually  is  in  a  compound  motor,  an  e.m.f . 
will  be  set  up  in  the  shunt  field  of  such  direction  as  to  momen- 
tarily reduce  the  field  current  or  even  reverse  it.  The  flux  does 
not  increase  uniformily,  however,  but  increases  rapidly  at  the 
start  and  becomes  almost  constant  for  large  values  of  the  current. 
The  mutual  induction  is  therefore  not  constant,  but  as  the  total 
change  in  flux  is  comparatively  small,  it  is  sufficiently  accurate 
to  use  an  average  value  and  consider  it  so. 

A  7  i-h. p.,  230- volt,  1150-rev.  per  min.  motor  has  the  fol- 
lowing constants: 


U  =  0.012,  M  -  0.13,  L2  =  40,  R  =  0.58,  r,  =  410,  $ 


Let  moment  of  inertia  =  W  X  &  =  130  ft-lb. 
We  then  have  ' 
Li  L2—  M2  -  0.463,  UR  +  Ltrf  =  28.12,  L2Ki  +  rfR 

=  265.4  r,  Kx  =  282 

and  the  auxiliary  equation  is 


=  765,5  =  99,  T  -  4 


0.463  D*  +  28.12  D*  +  265.4  D  +  282  = 


0 
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The  roots  of  this  equation  are 

-  1.22      -  11.5      -  47.8 

and 

i.  =  ilx  «-»•»«  +  4,e-»-8'  +  At  €-*■»' 


Mjj  =  -  0.158  4,  €-122«-  1.49  4,e-»        6.2  4,«-47-8' 


substituting  in  equation  (23) 

LiTt  +r'  if  =  E '  +  0158^»  «~122' 

+  1.49  4,  e"11-8'  +  6.2  4,  e-*7-8' 

Solving 


_JL,  C   rf  i   r  F 
V  =  €  i.     le^.     I  -g-  +0.00395 4ie-122' 

+  0.0372  4,  e-» ■•«  +  0.155  4,  «-«-8' J <*/ 

Integrating  and  multiplying  out 

*/  =  —  +  0.000435  4,  e-1M<   -  0.031  4,  «-» ■•« 

-  0.004134,  €-«7  8« 

The  e.m.f.  due  to  rotation  is 

e  =  K^udt  =  E-  (  L,  t±  +  M^L  +  Ri.) 
Substituting  the  value  of  ia  and  if 

e  -  230  -  0.5663  4 1  €"  122>  -  0.4877  A2  €~ 

-  0.0257  i4,€-l*7 8 ' 


Now  when  /  =  0     ia  =  0     v  =           s  =  0 

*7 
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and  we  have  for  equations  of  integration  constants 

A^At  +  Az  =  0 
0.000435  Ai  -  0.031  At  -  0.00413  At  =  0 
0.5663  A i  +  0.4877  A*  +  0.0257  A,  =  230 

solving  these  equations 

A1  =  372,  At  =  63,  At  =  -  435 

t«=372  e"1-22'  +  63  «~  »-3'-  435  c"47  8' 
t/|=  0.56  +  0.162  e-1-22'  -  1.95  e~  u-5'  +  1.8  €-«7  8' 


Hence 


2' 
b 
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SECONDS 

Fig.  6 

The  curves  are  shown  in  Fig.  6  and  it  will  be  noticed  that  the 
discrepancy  between  the  calculated  and  tested  shunt  amperes  is 
rather  marked,  due  to  the  fact  the  mutual  induction  is  not  con- 
stant as  was  assumed. 

In  Fig.  7  are  shown  the  calculated  and  tested  curves  with  the 
flywheel  effect  reduced  to  approximately  35  and  6  ft-lb.  With 
a  starting  resistance  of  one  ohm  being  inserted  in  series  with  the 
"armature,  formula  (1)  becomes: 


ia  =  146  c"-435' 


The  curves  are  shown  in  Fig.  8,  the  broken  line  being  taken 
******  *he  oscillogram. 
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In  many  applications  of  self-starting  motors  the  shunt  field  is 
not  excited  before  the  armature  circuit  is  closed,  but  the  two  are 
connected  to  the  supply  line  simultaneously.  It  is  evident  that 
in  all  such  cases  the  series  field  must  be  depended  on  to  supply 
the  accelerating  torque  at  the  start,  because  not  only  does  it 


400 


12 


Fig.  7 


take  the  shunt-field  current  an  appreciable  time  to  reach  its  full 
value  due  to  its  high  self-induction,  but  at  the  instant  the  switch 
is  closed  it  rises  in  the  opposite  direction  on  account  of  trans- 
former action  of  series  field.  An  exact  mathematical  solution  is 
complicated,  but  a  composite  curve  can  be  made  up  considering 


the  motor  as  series  wound  at  the  start  and  compound  when 
approaching  the  final  condition.  The  oscillograms  shown  in 
Pig.  9  were  taken  with  the  armature  and  shunt-field  circuits 
closed  simultaneously. 

A  striking  resemblance  between  these  equations  and  those  of 
the  condenser  charge  is  apparent,  and  such  was  indeed  to  be 
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expected.  In  the  condenser  charge  the  potential  at  the  con- 
denser terminals  is  proportional  to       d  t>  and  the  stored  energy 


to  tf2,  where  e  is  the  final  value  of  the  terminal  voltage.  With 
constant  flux  the  counter  e.m.f.  of  a  rotating  motor  armature  is 


Zero  Line  of  Armature  Current 


3  4 

SECONDS 

Fig.  9 — Starting  Tests  on  7H-h.  p. — 230- Volt — 1150-rev.  per  min. — 
Compound  Motor 

Shunt  field — self  excited — no-load  condition — 130-lb.  flywheel  effect. 


proportional  to       d  t  and  the  energy  stored  in  the  revolving 

parts  is  proportional  to  the  square  of  the  speed,  and  therefore  to 
the  square  of  the  voltage. 

The  coefficients  of  the  auxiliary  cubic  are  in  general  positive 
and  it  has  therefore  no  real  positive  root,  having  no  changes  of 


Vk  1H  1*  1% 
SECONDS 


214      2%  2* 


Fig.  10— Starting  Tests  on  7H-h.  p. — 230- Volt— 1150-rev.  per  min. — 
Compound  Motor 

Shunt  field  excited  separate  230-volt  source — no  series  field  in  no-load  condition — 35-lb. 
flywheel  effect. 

sign.  It  has  always  one  root  of  sign  opposite  that  of  the  last 
term  that  is  negative.  The  remaining  two  may  be  negative  or 
imaginary.  In  case  of  a  pair  of  imaginary  roots,  two  of  the 
terms  would  appear  in  the  form 

From  the  relations  existing  between  the  exponential  and  trig- 
onometric functions  these  terms  can  be  written 

t~a  (Bx  cos  j8  +  B%  sin  0) 
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That  is,  speed  and  current  will  oscillate  slightly  about  their 
normal  values,  but  will  quickly  settle  if  a  constant  flux  is  main- 
tained. If,  however,  the  compensating  field  is  not  strong  enough 
to  keep  the  flux  from  decreasing  with  load,  and  the  resistance 
drop  not  sufficient  to  offset  the  decrease  in  flux>  the  motor  has 
a  rising  speed  curve.  With  the  moment  of  inertia  exceeding  a 
certain  value  under  these  conditions,  the  current  and  speed  will 
continue  to  oscillate  and  the  operation  is  unstable.  The  oscillo- 
grams in  Fig.  10  were  taken  without  the  series  field  in  the  circuit 
and  the  unstable  condition  is  plainly  shown.  The  current  rises 
to  approximately  100  amperes  then  decreases  and  reverses 
reaching  approximately  25  amperes  in  the  opposite  direction, 


2to  Ub*  of  Arautuw  Camat 


0.4  0.6 
SECONDS 

Pig.  11 — Starting  Tests  on  7H-h.p. — 230- Volt — 1150-rev.  per  min. — 
Compound  Motor 

No-load  condition — pulley  removed — series  field  removed — shunt  field  excited  to  230 
volts  separate  source — 220  volts  applied  to  armature. 

repeating  the  cycle  about  every  3  seconds.  The  speed  rises 
to  approximately  20  per  cent  above  normal. 

The  oscillograms  in  Fig.  11  were  also  taken  with  the  series 
field  left  out.  In  this  case  the  flux  decreases  with  increasing 
armature  current  and  the  direction  of  the  voltage  generated  in 
the  field  winding  is  such  as  to  increase  the  field  current  instead 
of  decreasing  it.  It  will  be  noticed  that  the  field  current  rose 
momentarily  to  almost  three  times  its  normal  value.  It  is 
interesting  to  note  the  effect  of  this  on  the  armature  current  and 
the  acceleration.  The  armature  current  decreases  rapidly  until 
the  shunt  field  has  fallen  to  its  normal  value  when  the  weakening 
of  the  field  is  shown  by  the  sharp  bend  in  the  armature  current 
curve. 
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Discussion  on  "Industrial  Controllers — With  Particular 
Reference  to  the  Control  op  Direct-Current  Shunt 
Motors" (James),* 'Analysis  op  Starting  Characteristics 
op  Direct-Current  Motors"  (Hansen),  New  York, 
February  16,  1917. 

C.  T.  Evans:  You  will  note,  as  has  been  brought  out  in  the  • 
paper,  that  on  curves  showing  the  starting  with  one  or  two  steps 
of  resistance,  in  nearly  every  case  there  is  an  interval  at  the 
beginning  where  the  motor  remains  at  rest,  during  which  time 
the  torque  is  building  up  to  a  value  sufficient  to  overcome  the 
static  friction.  The  armature  current  during  this  time  apparently 
increases  to  a  final  steady  value,  which  we  would  naturally  sup- 
pose could  be  calculated  by  Ohm's  law,  that  is,  the  line  voltage 
divided  by  the  total  resistance  in  the  circuit.  These  curves  in 
reproduction  are  rather  too  small  to  read  accurately,  but  measure- 
ments made  as  closely  as  possible  indicate  all  through  that  the 
currents  obtained  by  means  of  the  oscillograph  are  considerably 
less  than  would  be  expected  from  the  line  voltage  and  resistance 
in  the  circuit. 

The  explanation  for  this  phenomenon  is  not  self  evident 
without  some  further  experimental  data.  There  may  be  some 
excess  line  resistance  included  in  the  circuit  between  the  gen- 
erator and  motor.  There  is  also  the  transformer  action  between 
the  shunt  field  and  the  compensating  and  other  series  windings, 
for  the  shunt-field  current  is  rising  during  this  interval,  which 
will  have  a  reverse  effect  on  the  armature  current.  However,  it 
is  rather  hard  to  say  just  how  much  effect  this  would  have,  not 
knowing  the  constants  of  the  motor.  Also,  there  is  a  slight 
possibility  of  low  voltage.  Mr.  James  states  that  the  voltage 
varied  between  220  and  225  or  230. 

These  curves  then  must  have  been  made  under  some  such  con- 
ditions as  these;  low  voltage,  extra  high  line  resistance  or  on  a 
motor  showing  a  transformer  action  between  the  windings.  If 
any  of  these  phenomena  were  not  present,  that  is,  if  we  had  high 
line  voltage,  or  low  line  drop,  or  a  plain  shunt  motor,  we  are 
going  to  have  higher  armature  peaks  than  are  shown  on  these 
curves. 

Mr.  James  applies  these  results  to  controllers  which  he  calls 
shelf  goods,  or  controllers  for  general  purposes.  In  controllers 
for  general  purposes,  we  have  to  deal  with  motors  of  all  types. 
It  is  not  true  that  all  motors  are  going  to  have  exactly  the  char- 
acteristics of  these  particular  motors  which  he  has  tested, 
although  it  is  indeed  true  that  the  general  trend  of  motor  design 
in  the  past  few  years  has  been  towards  motors  of  such  character- 
istics. 

It  has  also  been  assumed  that  in  general  motors  are  started 
light,  that  is,  without  load.  While  that  is  true  in  many  cases, 
you  will  find  that  in  almost  every  motor  control  installation  there 
are  times  when  the  motor  will  be  called  upon  to  start  under  load. 
AU  WAu  will  find  many  installations  where  they  are  always 
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called  upon  to  start  under  load,  as  for  instance,  reciprocating 
pumps,  and  the  like.  The  principal  point  to  remember  is  that 
if  we  have  a  counter  e.m.f.  switch,  or  any  type  of  series  accel- 
erating switch,  set  so  as  not  to  cut  out  the  resistance  until  the 
counter  e.m.f.  has  reached  75  per  cent  of  line  voltage,  we  must 
presume  either  a  light  load  or  high  initial  starting  current.  If 
such  a  controller,  which  has  been  adjusted  for  light  load,  is 
thereafter  required  to  start  a  motor  at  full  torque,  it  will  require 
some  readjustment  of  the  switch  in  order  to  accomplish  it,  and 
the  starting  peak  will  be  consequently  much  higher  than  those 
shown  in  the  curves. 

The  penalty  of  using  a  single  step  of  starting  resistance  is 
therefore  higher  starting  peaks,  in  many  instances  even  higher 
than  those  indicated  in  the  curves.  This  at  once  suggests  the 
necessity  for  time  element  overloads  in  many  instances,  and  in 
some  cases  we  may  expect  serious  line  disturbances  and  other 
troubles. 

Perhaps  some  reduction  should  be  made  in  the  number  of 
accelerating  switches  now  used,  but  I  don't  believe  that  we 
should  go  so  far  as  to  use  a  single  accelerating  switch  for  motors 
as  large  as  15  or  20  h.p. 

R.  Hellmund:  It  has  been  brought  out  in  the  papers  by  Mr. 
James  and  Mr.  Hansen  that  it  is  perfectly  feasible  to  start  certain 
d-c.  motors  with  a  single  step  in  the  starting  resistance  and  that 
series  and  compound  motors  may  even  be  started  without  any 
resistance  by  throwing  them  directly  on  the  line.  With  very 
small  low- voltage  motors  this  latter  procedure  can  usually  be 
followed  without  danger  with  most  any  up-to-date  motor.  With 
motors  for  higher  voltages,  that  is,  for  instance,  motors  for 
500,  550,  or  higher  voltages,  and  ratings  of  10  h.p.  and  above, 
the  same  procedure  is  liable  to  lead  to  harmful  motor  flashing 
unless  special  consideration  is  given  to  this  method  of  starting 
in  the  design  of  the  motor.  In  view  of  the  simplicity  of  the 
starting  method,  it  is,  of  course,  well  worth  some  effort  on  the 
part  of  the  motor  designer  to  make  its  use  possible,  and  it  may, 
therefore,  be  in  order  to  mention  here  briefly  some  of  the  prin- 
cipal factors  influencing  the  flashing  characteristics. 

In  order  to  obtain  a  flash,  or  in  other  words  to  establish  an 
electric  arc,  it  is  in  most  cases  necessary,  first,  to  have  arcing  at 
the  brushes,  and  second,  to  have  sufficient  voltage  between  com- 
mutator segments  to  carry  this  arc  partly  or  entirely  around  the 
commutator.  The  establishment  of  an  appreciable  arc  at  the 
brush  is  largely  eliminated  with  up-to-date  interpole  motors 
under  normal  running  conditions.  There  are,  however,  several 
causes  for  establishing  such  an  arc  during  transient  conditions 
existing  after  the  motor  has  been  connected  to  the  line.  The* 
eddy  currents  in  the  frame,  solid  interpoles,  coil  shields  and  other 
parts  frequently  prevent  the  quick  establishment  of  the  interpole 
flux  or  sudden  changes  in  said  flux  so  that  for  a  short  space  of 
time  the  interpole  cannot  be  depended  on  to  fill  its  function 
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properly.  Furthermore,  it  has  to  be  considered  that  sudden 
changes  in  the  main  flux  induce  a  sparking  voltage  in  the  coils 
under  the  brushes  by  transformer  action  and  that  the  interpoles 
are  not  designed  to  take  care  of  such  sparking  voltages.  The 
voltage  between  segments  required  for  carrying  the  spark  over 
is  governed  by  a  number  of  factors  during  transient  conditions 
following  changes  in  the  motor  connections.  Part  of  this  voltage 
is  induced  by  rotation  and  governed  by  the  strength  of  the  air- 
gap  flux.  The  maximum  air-gap  densities,  in  turn,  are  largely 
influenced  by  the  amount  of  armature  distortion.  This  distor- 
tion is  usually  much  larger  after  control  changes,  because  the 
armature  cross  field  goes  usually  through  laminated  iron  and  is 
not  influenced  by  any  damping  effects  of  the  solid  frame  and 
shunt-field  windings.  This  permits  it  to  build  up  much  quicker 
than  the  main  field  which  is  under  the  damping  influence  of  solid 
core  portions  and  the  shunt  field.  The  current  peaks  existing 
after  throwing  the  motor  on  the  line,  as  shown  in  the  two  papers, 
further  tend  to  increase  the  distortion  so  that  very  high  local 
densities,  and  voltage  between  segments,  are  possible.  Other 
factors  which  temporarily  increase  the  voltage  between  segments 
is  the  self-inductive  voltage  of  the  armature  coils  which  is  induced 
during  the  establishment  of  the  current  peaks  and  the  voltage 
induced  by  sudden  changes  of  the  main  flux  in  the  armature  coils 
near  the  neutral.  These  various  factors  are  of  different  im- 
portance with  the  various  types  of  motors  and  under  different 
speed  conditions,  and  are  often  materially  affected  by  apparently 
small  changes  in  the  motor  design. 

In  starting  a  series  motor,  for  instance,  from  standstill  with 
small  resistance  in  its  circuit,  the  field  will  follow  the  current 
increase  quickly  and  induces  by  transformer  action  high  volt- 
ages in  the  coils  under  the  brushes  and  all  coils  near  the  neutral 
so  that  very  severe  spitting  and  flashing  part  of  the  way  around 
the  commutator  may  be  obtained.  The  only  factors  reducing 
the  rate  of  change  of  the  main  field  are  damping  effects  in  the 
frame  and  the  self  induction.  This  condition  can,  therefore,  be 
made  worse  by  introducing  a  neutralizing  winding  which  tends  to 
reduce  the  self  inductance  of  the  machine;  in  other  words,  the 
neutralizing  winding  which  is  usually  introduced  for  the  purpose 
of  preventing  flashing  actually  increases  flashing.  It  is  also 
evident  that  a  laminated  field  structure  may  increase  the  flashing 
tendencies  in  this  case,  while  a  small  resistance  in  parallel  with  the 
fields  may  reduce  it.  A  change  of  the  material  in  the  coil  shields 
may  make  a  motor  that  flashes,  operate  satisfactorily. 

With  shunt  or  compound  motors,  the  starting  from  zero  speed 
is  usually  less  difficult  because  the  shunt  field  prevents,  on 
account  of  its  damping  effect,  sudden  changes  of  the  main  field. 
These  motors,  especially  shunt  motors,  are,  however,  very 
much  subject  to  flashing  if  they  are  suddenly  thrown  on  the  line 
while  they  are  still  rotating.  The  shunt  field  will  then  prevent 
the  main  field  from  building  up  quickly  while  the  small  self- 
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induction  of  the  armature  permits  current  peaks  and  large  cross 
fields,  which  are  quickly  established.  The  high  voltage  induced 
by  rotation  in  the  strong  portions  of  the  cross  field,  together  with 
the  self-induction  voltage  of  the  armature  coils  may  cause  volt- 
ages between  segments  sufficient  to  cause  flashing.  For  this 
reason  the  control  of  shunt  motors  should  nearly  always  be 
arranged  to  open  the  armature  resistance  switch  before  reclosing 
the  line  switch  after  a  power  interruption.  In  compound  motors 
this  flashing  can  largely  be  eliminated  by  the  proper  relation 
between  the  shunt  and  series  field  and  by  increasing  the  ratio 
of  resistance  and  self  inductance  in  the  shunt  fields.  A  large 
number  of  commutator  segments,  proper  dimensioning  of  the 
field  poles  and  a  great  many  other  design  factors  enter  into  this 
problem.  A  careful  study  of  all  these  features  for  the  purpose  of 
extending  the  use  of  simple  control  arrangements  to  motors  of 
higher  voltages  and  larger  rating  seems  well  worth  while,  and 
while  the  two  papers  do  not  deal  directly  with  this  problem  they 
give  material  and  formulas  which  can  be  used  to  good  advantage 
as  a  basis  for  investigations  along  these  lines. 

R.  G.  Widdows:  Mr.  James  has  presented  a  limited  number 
of  test  curves  obtained  on  one  constant-speed  and  two  adjust- 
able-speed motors,  and  from  these  has  made  some  very  broad 
and  sweeping  deductions  which  to  me  do  not  seem  justified. 
The  constant-speed  motor  is  connected  to  a  load  of  such  low 
inertia  that  full  speed  is  reached  in  about  three  seconds  from 
the  time  of  starting.  The  normal  speed  of  this  motor  is  some- 
what below  the  average  practise  for  a  motor  of  this  horse-power 
size. 

We  all  know  that  in  closing  a  circuit  through  a  motor,  maxi- 
mum current  will  not  be  reached  instantly  due  to  the  inductance 
of  the  motor  windings  and  if  the  motor  speed  is  increasing  at  the 
same  time  that  the  current  is  rising,  the  maximum  current  peak 
will  be  lower  than  if  the  motor  was  stalled,  also  if  the  motor  is 
accelerating  rapidly,  the  peaks  of  current  caused  by  short-cir- 
cuiting the  starting  resistance  will  be  less  than  if  the  motor  is 
accelerating  slowly. 

The  peaks  of  current  due  to  the  initial  closing  of  the  circuit  and 
to  stepping  out  the  resistance  will,  therefore,  be  greater  in  the  case 
of  a  motor  driving  a  high  inertia  load  than  in  the  case  of  a  motor 
driving  a  load  of  relatively  low  inertia. 

The  author  states  that  most  d-c.  shunt  motors  designed  for 
general  purposes  start  with  less  than  full  load.  This  is,  perhaps, 
true  and  while  automatic  controllers  are  rapidly  being  adopted 
as  standard  by  progressive  manufacturers  for  all  d-c.  motors 
regardless  of  the  load  conditions.  The  fact  remains  that  at  the 
present  time  an  automatic  controller  is  almost  certain  to  be 
selected  for  a  motor  having  a  high  inertia  load,  while  a  some- 
what smaller  proportion  of  automatic  controllers  are  used  with 
motors  having  loads  that  can  be  quickly  accelerated. 

Reducing  the  number  of  accelerating  points  on  an  automatic 
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controller  might  appeal  to  the  controller  manufacturer  as 
allowing  him  to  cheapen  his  product,  and  while  such  a  starter 
may  be  satisfactory  in  many  cases,  there  will  be  a  very  large 
number  of  cases  where  dissatisfaction  will  result  due  to  high 
peaks  of  current.  These  high  peaks  of  current  may  result  in 
flashing  at  the  commutator  and  will  certainly  prevent  giving 
proper  overload  protection  to  the  motor  as  the  circuit  breaker 
must  be  set  high  enough  so  that  it  will  not  trip  out  on  these  peaks. 
Time-limit  overload  relays  have  recentlybeen  developed  and  these 
may  overcome  this  objection  in  some  cases,  but  there  are  other 
cases  where  instantaneous  interruption  of  the  circuit  is  demanded 
when  an  overload  occurs. 

It  may  be  contended  that  automatic  starters  having  the 
smallest  possible  number  of  acceleration  points  should  be  used 
in  cases  where  no  harmful  results  will  follow  and  that  starters 
with  a  greater  number  of  accelerating  points  should  be  used  for 
cases  where  they  are  required.  This  would  mean  that  the  con- 
troller manufacturer  must  be  informed  of  the  exact  load  condi- 
tions in  every  case,  which  is  not  practical,  and  the  user  would 
suffer  from  the  lack  of  standardization  of  the  controlling  ap- 
paratus which  would  prevent  switching  around  motors  and  con- 
trollers from  one  machine  to  another  as  desired  in  the  plant,. 

In  the  case  of  punches,  presses,  shears,  most  wood-working 
machinery  and  other  high-speed  drives,  it  has  been  found  that 
three  acceleration  contactors  are  usually  required  up  to  15  h. p., 
220  volts,  and  four  acceleration  contactors  from  20  to  30  h.p.  and 
five  acceleration  contactors  should  be  used  on  larger  sizes.  I 
believe  that  the  controller  manufacturer  should  endeavor  to  be 
on  the  safe  side  as  no  harmful  results  can  result  from  having  more 
steps  of  acceleration  than  are  actually  required. 

The  curves  shown  in  this  paper  are  unfortunately  on  such  a 
small  scale  that  it  is  hard  to  get  an  accurate  conception  of  the 
current  values  obtained.  Fig.  6  shows  a  20-h.p.,  750-rev.  per 
min.  motor  with  1.0-ohm  external  resistance  and  this  gave  an 
initial  starting  current  of  about  140  amperes.  In  Fig.  7,  the  same 
motor  is  used  with  external  resistance  of  0.765  ohms  which  gives 
an  initial  peak  of  only  120  amperes.  If  we  assume  that  the  peak 
of  140  amperes  shown  in  Fig.  6  is  due  to  impressed  voltage  of  220 
volts  on  a  total  resistance  of  1.57  ohms,  this  leaves  0.57  ohms  for 
resistance  of  the  motor  and  the  motor  leads.  If  we  substitute  this 
value  in  the  case  of  Fig.  7  it  would  seem  that  the  initial  starting 
current  would  be  164  amperes  instead  of  120  amperes  as  shown. 

Comparing  Figs.  2  and  4  we  see  that  using  two  acceleration 
contactors,  the  motor  was  put  across  the  line  quicker  than  in  the 
case  of  a  single  contactor.  The  acceleration  period  would  have 
been  still  further  reduced  if  the  acceleration  contactors  in  Fig.  2 
had  been  adjusted  to  close  at  a  higher  current  value.  This  would 
have  been  permissible  since  the  acceleration  peaks  are  of  lower 
value  than  the  initial  starting  peak. 

In  general  I  would  say  that  the  more  acceleration  contactors 
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used,  the  shorter  will  be  the  time  of  acceleration  with  the  same 
limitation  of  current  peaks  as  compared  with  the  starter  having 
fewer  steps. 

Automatic  control  is  becoming  so  generally  used,  principally 
because  it  increases  production,  and  this  is  secured  by  rapid  safe 
acceleration  and  deceleration  of  the  motor.  It  does  not  seem  a 
step  in  the  right  direction  to  retard  production  to  make  a  slight 
saving  in  the  cost  of  the  controlling  apparatus.  Referring  to  Fig. 
8  the  author  says  that  from  this  curve  the  second  step  of  starting 
resistance  is  not  necessary.  The  low-current  values  at  which 
the  acceleration  contactors  close  are  not  usual  and  in  the  case  of 
a  motor  requiring  full-load  torque  to  accelerate  its  load,  the 
resistance  contactors  would  never  close,  also  it  would  appear 
that  in  this  case  the  load  was  of  extremely  low  inertia  as  the 
motor  reached  a  speed  of  500  rev.  per  min.  in  about  two-fifths 
of  a  second. 

With  reference  to  the  two  methods  shown  for  inserting  field 
resistance  in  the  shunt  field  of  adjustable-speed  motors,  we  are 
told  that  44  By  comparing  these  curves  with  the  pre- 
ceding curves  made  on  a  three-to-one  adjustable-speed  motor, 
it  will  be  seen  that  the  armature  current  and  torque  are  con- 
siderably more  disturbed  when  the  relay  is  used  than  in  the 
cases  where  this  relay  is  omitted.  It  would  seem  therefore,  un- 
wise to  add  this  complication  to  every  small  motor. " 

The  author's  deductions  would  be  more  convincing  if  the 
curves  he  asks  us  to  compare  were  not  made  with  two  motors  of 
different  horse-power  sizes,  different  speed  ranges  and  with 
possible  widely  different  characteristics. 

Experience,  based  on  the  application  of  several  thousand  au- 
tomatic controllers  to  all  kinds  of  industrial  drives,  indicates 
that  inserting  the  field  rheostat  resistance  in  a  single  step,  will  be 
satisfactory  if  the  increase  in  armature  speed  follows  closely 
the  change  in  field  strength.  If,  however,  the  load  is  of  high 
inertia,  the  field  strength  will  change  rapidly  while  the  armature 
speed  will  increase  slowly  with  the  result  that  high  peaks  will  be 
had  when  the  field  resistance  is  inserted  and  this  would  be  elim- 
inated with  the  field-rheostat  relay. 

The  author  advocates  a  single  step  of  dynamic  braking  resist- 
ance for  adjustable-speed  motors  relying  upon  the  gradual  in- 
crease in  field  strength  when  the  field  rheostat  is  short-circuited, 
in  order  to  maintain  a  high  dynamic  braking  torque. 

The  armature  current  during  dynamic  braking  will  be  main- 
tained at  a  fairly  constant  value,  if  the  armature  decelerates  at 
about  the  same  rate  as  the  field  flux  increases.  If  the  field  flux 
changes  more  rapidly  than  the  armature  speed,  high  dynamic 
braking  peaks  will  result. 

With  the  scheme  advocated,  a  different  value  of  dynamic 
braking  resistance  would  be  required  for  motors  having  different 
speed  ranges,  but  of  the  same  horse-power  size.  This  would  mean 
that  a  controller  designed  say  for  a  20-h.p.,  500-1500-rev.  per 
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min.  motor  when  used  with  a  20-h.p.,  500-1000-rev.  per  min. 
motor  would  give  a  much  lower  value  of  dynamic  braking  cur- 
rent than  the  motor  could  safely  stand,  loss  of  time  being  the 
result.  Also,  a  controller  designed  for  the  500-1500  rev.  per  min. 
motor  and  to  limit  the  dynamic  braking  peak  to  a  safe  value 
when  set  for  maximum  speed  would  give  a  lower  value  of 
dynamic  braking  current  when  adjusted  for  any  speed  lower 
than  this. 

The  use  of  graduated  dynamic  braking  where  the  accelerating 
contactors  are  used  as  decelerating  contactors  to  step  out  the 
resistance  during  dynamic  braking,  permits  the  field  current  to 
remain  unchanged  and  maintains  the  dynamic  braking  current 
and  consequently  the  dynamic  braking  torque  at  a  high  average 
value.  The  same  apparatus  may  be  used  equally  well  with  con- 
stant or  variable-speed  motors  and  the  armature  will  be  brought 
to  a  standstill  even  when  driving  a  high-inertia  load  and  without 
any  appreciable  friction  load,  with  practically  no  tapering  off  of 
the  dynamic  braking  action  at  low  speeds. 

In  his  summary,  the  author  suggests  that  in  the  case  of  ma- 
chine-tool motors  which  are  started  light,  the  motor  can  be 
started  successfully  with  minimum  field  strength  and  the  field 
relay  omitted.  This  no  doubt  will  be  satisfactory  as  far  as  pro- 
tection to  the  motor  is  concerned,  but  the  acceleration  would  be 
slower  than  if  the  field  relay  were  used  and  from  the  standpoint 
of  production  this  is  not  desirable.  It  is  not  necessary  to  omit 
the  field  relay  so  as  to  enable  the  manufacturer  to  supply  the 
same  controller  for  constant-speed  and  adjustable-speed  motors 
as  the  field  relay  can  be  mounted  on  the  rheostat  panel,  and  this  is 
standard  practise  with  some  controller  manufacturers. 

E.  J.  Murphy:  Referring  to  the  improvements  in  motor  de- 
sign, it  is  quite  possible  to  design  a  motor  that  will  stand  any 
sort  of  control,  that  is,  within  reasonable  limitations.  The 
control  engineer,  however,  is  obliged  to  produce  controllers 
suitable  for  motors  having  characteristics  with  which  he  is  not 
familiar,  this  makes  necessary  various  devices  which  might  be 
modified  or  in  some  cases  eliminated  in  the  control  of  an  especially 
well  designed  motor. 

With  reference  to  cutting  down  the  number  of  steps  in  the 
starting  resistance  which  Mr.  James  especially  advocates,  I 
would  say  that  while  there  is  no  necessity  of  using  a  very  large 
number  of  steps  I  would  not  second  Mr.  James*  conclusions  that 
one  step  of  resistance  is  entirely  satisfactory,  as  a  general  propo- 
sition for  motors  of  15  h. p.  At  the  same  time,  two  many  steps 
would  involve  a  waste  of  material.  Where  too  many  steps  are 
used,  the  time  required  to  close  the  contactors  might  be  longer 
than  the  period  necessary  to  satisfactorily  accelerate  the  motor, 
hence,  an  excessive  number  of  starting  steps  would  be  worse 
than  useless.  Theoretically,  an  infinite  number  of  resisting  steps 
would  give  the  most  rapid  acceleration,  but  practically,  rela- 
tively few  steps  are  necessary  or  even  desirable  on  account  of 
the  definite  time  required  to  close  each  contactor. 
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With  reference  to  the  motor  starting  conditions  mentioned 
by  Mr.  James,  I  do  not  consider  it  safe  to  assume  that  in  most 
cases  motors  are  started  without  any  connected  load  or 
at  least  with  a  negligible  load.  The  controller  designer  must 
make  standard  equipments  to  meet  average  conditions  and  it 
would  be  unsafe  to  assume  that  there  would  be  no  load  at  start- 
ing; in  many  cases  this  would  result  in  serious  trouble. 

There  is  one  point  that  I  do  not  think  has  been  yet  brought 
out,  that  is,  frequently,  especially  in  machine  tool  applications, 
it  is  especially  desirable  to  accelerate  the  motor  as  rapidly  as 
possible.  This  generally  requires  more  than  one  starting  step 
and  in  all  cases,  full  field  at  starting.  The  very  small  starting 
torque  shown  in  Mr.  James'  tests  would  mean  an  excessive  time 
in  getting  the  motor  up  to  full  speed.  There  are  also  many 
applications  where  frequent  and  quick  reversal  is  required  and 
this  would  be  impossible  if  the  field  is  not  constantly  maintained. 
The  use  of  dynamic  braking  advocated  by  Mr.  James,  would 
not  be  easily  accomplished  if  the  field  is  de-energized  in  the  "off 
position"  as  he  also  advocates. 

I  have  gone  over  Mr.  James*  curves  and  find  that  there  must 
have  been  a  great  deal  more  permanent  resistance  in  the  arma- 
ture circuit  than  given  in  his  data.  In  the  case  of  the  20-h.p. 
constant-speed  motor,  the  data  state  that  this  permanent  resist- 
ance was  0.25  ohm.  Analyses  of  the  curves  indicates  that  this 
figure  was  about  0.6  ohm.  In  the  case  of  the  15-h.p.  motor,  the 
data  show  0.34  ohm;  the  average  value  obtained  by  calculation 
from  the  curves  indicates  that  this  value  was  actually  0.9  ohm. 
While  this  increase  in  the  permanent  resistance  would  only 
slightly  cut  down  the  maximum  value  of  the  initial  starting 
current  peak,  it  would  enormously  reduce  the  maximum  value 
of  the  last  or  final  peak.  Calculations  indicate  that  in  many 
cases  the  last  peaks  would  have  been  twice  as  great  if  the  per- 
manent resistance  was  as  shown  in  the  data  presented.  Argu- 
ments based  on  these  tests  and  curves  could  not  lead  to  any 
sound  conclusions. 

This  excessive  permanent  resistance  would  also  have  a  very 
serious  bearing  on  the  question  as  to  whether  the  1  'fluttering* ' 
field  relay  was  necessary  or  not.  The  effect  of  this  excessive 
resistance  would  also  cut  down  the  current  peaks  when  the  field 
resistance  was  short-circuited,  as  in  the  tests  on  the  variable-speed 
motors. 

I  cannot  agree  in  Mr.  James'  conclusions  that  the  "flutter- 
ing" field  relay  is  unnecessary.  In  the  first  place,  the  tests 
made  on  the  three-to-one  adjustable-speed  motor  without  the 
"fluttering"  relay  did  not  include  a  heavy  inertia  load  and, 
as  I  have  just  mentioned,  the  excessive  permanent  resistance 
would  reduce  the  current  peaks  incident  to  cutting  out  the  field 
resistance.  Secondly,  Mr.  Widdows  has  already  mentioned  that 
it  is  hardly  fair  to  assume  that  because  a  three-to-one  motor 
could  be  started  successfully  without  a  field  relay,  a  four-to-one 
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motor  could  also  be  started  without  such  a  relay.  To  amplify 
Mr.  Widdows*  statement,  it  is  well  to  keep  in  mind  that  the 
inertia  of  the  motor  armature  increases  with  square  of  the  speed, 
and  therefore  it  is  obvious  that  the  energy  required  to  accelerate  a 
four-to-one  motor  from  basic  speed  to  full  speed  would  be  nearly 
twice  as  great  as  that  required  for  a  three-to-one  motor.  It  is 
unfortunate  that  Mr.  James'  paper  did  not  include  tests  and 
curves  showing  the  acceleration  of  a  four-to-one  motor  without 
a  fluttering  relay  instead  of  drawing  conclusions  from  the  tests 
on  the  three-to-one  motor. 

There  is  one  point  in  the  paper  against  the  use  of  the  fluttering 
relay  in  that  this  relay  will  cause  trouble  in  case  the  hand- 
operated  field  rheostat  is  turned  too  quickly,  and  Mr.  James 
prescribes  another  special  relay  to  cure  the  trouble.  In  my 
opinion,  the  operator  is  not  at  all  liable  to  move  the  rheostat 
quickly  enough  to  cause  any  damage  to  the  motor  or  connected 
load. 

I  would  comment  on  the  conclusions  tabulated  in  the  paper 
under  "Summary  of  Tests"  as  follows :  First,  the  use  of  only  one 
switch  to  short-circuit  the  armature  resistance  for  motors  of  15 
h.p.  or  less  is  not  good  general  practise  under  average  service 
conditions.  In  general  this  may  be  good  practise  for  motors  up 
to  10  h.p.  and  in  many  cases  only  up  to  5  h.p.  It  is  true,  that 
under  very  special  conditions  this  practise  can  be  followed  in 
motors  of  even  75  or  100  h.  p,  where  it  is  absolutely  certain  that 
there  will  be  no  load  at  starting.  If  the  single  resistance  switch 
closes  at  a  counter  e.m.f.  of  75  per  cent  of  normal  voltage  with 
heavy  starting  load,  the  motor  would  fail  to  accelerate  and 
probably  burn  out  the  starting  resistance.  Second,  as  a  general 
proposition,  starting  with  zero  or  weakened  field  will  result  in  too 
slow  acceleration.  In  special  cases,  as  in  certain  printing  presses, 
it  is  necessary  to  start  very  slowly,  not  for  the  purpose  of  pre- 
venting damage  to  the  machine  but  breakage  of  the  paper. 
The  average  machine  tool  is  designed  to  stand  very  severe 
shocks  and  would  certainly  allow  full-load  torque  or  more  at 
starting.  Third,  the  reduction  of  the  shunt-field  strength  in  one 
step  for  adjustable-speed  motors,  may  or  may  not,  be  good  prac- 
tise depending  upon  the  speed  ratio,  design  and  size  of  motor 
and  the  inertia  of  the  load.  In  general,  it  is  desirable  to  use  a 
fluttering  field  relay  in  all  adjustable-speed  motors  above  10  h.p., 
and  in  all  sizes  of  motors  where  the  speed  ratio  is  more  than  two 
or  three  to  one.  This  holds,  except  in  special  cases  where  the 
nature  of  the  load  is  accurately  known.  Fourth,  in  general, 
I  agree  with  Mr.  James  that  one  step  of  dynamic  brake  re- 
sistance is  good  practise,  except  where  conditions  are  special, 
and  it  is  also  good  practise  to  short-circuit  the  field  resistance 
where  the  dynamic  brake  is  applied.  This  latter  point  makes  it 
desirable  to  have  the  field  permanently  connected  in  the 
"off"  positions,  contradictory  to  his  recommendation  under 
heading  2.    Fifth,  I  do  not  agree  that  the  general  use  of  the 
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fluttering  relay  is  bad  engineering  and  that  a  "transfer"  relay  is 
necessary.  Sixth,  I  do  not  agree  that  the  time  to  accelerate  a 
small  motor  in  three  seconds  is  sufficiently  short  for  many 
applications.  The  very  low  starting  torque  shown  m  many  of 
the  tests  would  certainly  require  not  only  a  longer  time  for 
acceleration  than  three  seconds  but  would  entirely  fail  to  accel- 
erate a  motor  under  full  load  at  start. 

J.  H.  Albrecht:  I  think  we  have  pretty  conclusively  proved 
most  of  Mr.  James'  contentions  under  actual  operating  condi- 
tions, which,  of  course,  is  the  final  answer.  We  have  installed 
at  the  McMyler  Inter-State  Co.  plant  at  Bedford,  Ohio,  a  new 
munitions  plant,  which  has  been  in  operation  possibly  fourteen 
months,  about  300  controllers  which  are  designed  along  the 
lines  which  Mr.  James  had  laid  down.  These  motors  range  from 
1\  to  35  h.p.,  they  are  230-volt  motors,  and  the  speed  ranges 
vary.  Quite  a  few  of  them  are  four-to-one  motors,  the  speed 
ranging  from  400  to  1600.  These  motors  are  used  on  practically 
all  classes  of  machine  tools,  such  as  you  encounter  in  a  munitions 
plant.  They  have  been  in  operation  twenty-four  hours  a  day, 
working  three  eight-hour  shifts,  and  I  venture  to  say  that  that 
service  is  the  equal  of  any  service  that  they  might  get  in  an  ordi- 
nary machine  shop  in  from  five  to  six  years.  The  controllers  are 
started  by  a  single  contactor,  on  counter  e.m.f.,  they  have  no 
field  relay,  simply  a  relay  for  insuring  full  field  during  the 
accelerating  conditions.  When  the  starting  switch  closes,  the 
field  relay  opens,  and  the  motor  is  accelerated  to  high  speed  in  a 
single  step,  on  the  field.  This  plant,  as  I  say,  has  been  in  opera- 
tion for  fourteen  months.  I  had  occasion  to  inspect  it  the  other 
day.  The  motors  were  in  very  good  condition,  the  machines 
were  in  good  condition,  and  the  maintenance  has  been  no  greater 
than  should  be  expected  under  the  severe  operating  conditions, 
and  the  power  plant  has  shown  no  signs  of  distress.  I  think  that 
is  a  direct,  conclusive  demonstration  of  the  practicability  of  Mr. 
James'  suggestion. 

Still  a  further  application  which  might  illustrate  the  same 
thing  is  the  modern  reversing-planer  controller.  We  have 
reversing-planer  controllers  that  have  been  in  operation  with 
this  new  type  of  control  for  four  years,  some  of  them  operating 
on  gear-cutting  machines,  making  from  15,000  to  20,000  reversals 
in  a  day,  very  severe  service.  The  controller  is  a  reversing  con- 
troller, simply  two  two-pole  switches  for  reversing,  with  back 
contacts  for  dynamic  braking,  a  single-step  accelerating  unit, 
acceleration  in  one  step  from  the  full-field  speed  to  the  weak-field 
speed.  The  speed  variation  of  these  motors  is  from  250  to  1000, 
and  they  are  often  accelerated  under  load.  I  have  seen  them 
many  times  under  operating  conditions  where  the  operator 
would  shut  off  the  machine  with  the  tool  in  the  work,  then  throw 
the  controller  on,  and  the  motor  would  pick  up  the  load.  In 
lathe  work,  and  things  of  that  sort,  the  men  often  stop  with  the 
tool  in  the  work,  and  the  motor  must  start  at  practically  full 
load,  and  it  does  it. 
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R.  E.  Hellmund:  In  connection  with  what  the  previous 
speaker  said,  it  occurred  to  me  that  in  d-c.  practise  we  can  learn 
a  whole  lot  from  the  a-c.  practise.  Many  of  the  speakers  have 
brought  out  theoretical  reasons  why  a  single  step  would  not  be 
safe.  We  must  not  forget  that  we  have  started  induction  motors 
with  a  single  step  in  actual  practise  for  fifteen  or  twenty  years, 
and  under  torque  conditions  much  more  severe  than  shown  in  the 
d-c.  oscillograms  which  Mr.  James  has  given.  I  actually  believe 
the  only  reason  why  d-c.  motors  have  not  been  started  long  ago 
with  one  step  is  because  the  motors  could  not  stand  it;  but  if, 
with  proper  cooperation  between  controller  and  motor  designers, 
a  combination  can  be  built  which  will  stand  it,  there  certainly 
should  not  be  any  more  objection  against  using  it  with  d-c,  than 
there  is  in  case  of  a-c.  motors. 

E.  H.  Martindale:  In  listening  to  the  discussion,  before  Mr. 
Albrecht  and  Mr.  Hellmund  spoke,  I  had  rather  gathered  the 
impression  that  Mr.  James*  proposals  were  a  little  too  severe; 
but  offsetting  the  theoretical  reasons  why  single-step  controllers 
will  not  work,  we  have  the  testimony  of  a  plant  which  has  been 
in  successful  operation  for  fourteen  months,  with  the  conditions 
apparently  as  good  as  could  be  expected. 

The  main  thing  that  this  paper  brings  to  light,  it  seems  to  me, 
is  the  fact  that  there  has  not  been  the  study  nor  the  cooperation 
that  there  should  have  been  on  this  very  important  subject. 
Industrial  motor  application  is  probably  the  biggest  field  of 
electrical  engineering.  We  have  been  perhaps  too  much  con- 
cerned— not  too  much  concerned,  but  we  may  say  out  of  propor- 
tion— with  high-tension  transmission  and  distribution,  and 
power-station  generation,  so  much  so  that  we  have  neglected  the 
other  end,  which  is  just  as  closely  allied  to  successful  generation 
and  transmission  as  two  subjects  can  be.  The  Industrial  and 
Domestic  Power  Committee  is  this  year  trying  to  start  a  little 
work  looking  toward  the  tabulation  of  the  bes-ttype  motor,  the 
best-type  control  for  every  motor,  for  every  machine  in  every 
industry  in  the  country.  That  is  looking  fifty  years  ahead,  more 
or  less,  it  will  take  at  least  ten  years  to  complete  the  work,  if  it 
can  be  done,  and  if  it  is  worth  while.  There  must  be  a  best  d-c. 
motor,  there  must  be  a  best  a-c.  motor  and  a  best-type  controller 
to  use  with  each,  to  drive  every  machine  in  every  industry.  This 
year  we  are  studying  two  small  industries  and  a  small  portion  of  a 
larger  industry,  and  are  trying  to  get  this  work  finished  to  present 
before  the  annual  convention  in  Hot  Springs.  Mr.  James*  paper 
has  brought  out  the  importance  of  investigation  along  this  line. 
If  controllers  can  be  simplified,  reducing  greatly  the  expense  of 
controller  manufacture,  and  get  just  as  satisfactory  operation, 
and  if  motors  can  be  designed  as  they  are  being  designed,  to 
withstand  these  severe  starting  conditions,  then  it  seems  that  we 
have  gone  a  long  way  toward  effecting  engineering  economy  in 
industrial  motor  installation. 

R.  H.  McLain:  Everyone  in  discussing  this  paper  has  had 
something  to  say  about  the  possibility  of  the  line  voltage  having 
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had  a  great  deal  to  do  with  the  favorable  curves  which  are  pub- 
lished. I  hope  very  much  that  Mr.  James  can  clear  up  this 
situation  by  adding  to  his  paper  an  exact  record  of  the  line 
voltage  at  the  time  his  tests  were  made.  Line  voltage  regulation 
has  a  most  decided  effect  on  current  peaks  in  motors  at  the  time 
of  starting.  For  instance,  in  a  large  building,  where  an  isolated 
generator  plant  is  used  to  supply  elevators  and  lights,  there  is  a 
decided  drop  in  voltage  as  is  evident  by  the  flicker  of  the  lights 
every  time  an  ^levator  is  started. 

I  have  had  experience  in  starting  up  very  large  motors  where 
four  blocks  of  resistance  were  absolutely  required  when  the 
motor  was  close  to  the  power  station,  and,  on  the  other  hand, 
if  the  motor  was  500  or  600  feet  away  from  the  power  station, 
one  of  the  blocks  of  starting  resistance  could  be  eliminated  and 
yet  the  current  peaks  on  the  motor  would  be  the  same  as  before. 
I  disagree  with  Mr.  James  that  a  one-step  starter  is  good  for 
what  might  be  called  standard  or  "shelf"  goods.  Shelf  goods 
are  liable  to  be  used  by  those  who  are  rather  inexperienced  in 
the  art  and  the  goods  should  be  of  such  a  nature  as  to  keep  those 
inexperienced  out  of  trouble;  to  avoid  this  trouble  it  is  necessary 
either  that  the  shelf  goods  be  made,  in  this  case,  with  more  than 
one  starting  point  or  else  that  they  be  labeled  with  proper  precau- 
tionary tags.  I  would  suggest,  as  a  proper  limitation  for  one-step 
starters,  that  they  be  used  only  where  the  motor  is  to  be  started, 
as  a  rule,  without  load  and  very  infrequently  under  load.  The 
machine,  to  be  driven,  should  have  a  flywheel  or  WR*  which  is 
very  low  as  compared  to  that  of  the  armature  of  the  driving 
motor  and  the  power  supply  line  should  be  such  as  to  give  a 
considerable  voltage  drop  at  the  time  the  motor  is  being  started. 

It  has  been  said  that  these  one-step  starters  have  worked  out 
very  successfully  in  munitions  plants.  I  think  that  the  ideal 
way  of  laying  out  a  munitions  plant  is  to  speculate  on  the  length 
of  the  war,  and  lay  out  the  machinery  so  that  it  will  last  just  to 
the  end  of  the  war.  The  man  who  guesses  right  will,  of  course, 
do  his  job  exactly  right.  It  certainly  does  not  hurt  a  motor  to 
start  with  an  undue  shock  once  in  awhile,  but  if  it  starts  with  an 
undue  shock  frequently,  its  life  will  be  materially  diminished. 
If  long  life  is  not  essential,  it  is,  of  course,  all  right  to  start  with  a 
shock.  I  would  assume  that  the  munitions  plant,  under  con- 
sideration, was  provided  with  a  transmission  system  whose 
copper  cross-section  was  smaller  than  is  ordinarily  the  practise 
in  plants  where  manufacturing  operations  are  to  be  continued 
indefinitely.  If  such  is  the  case  the  motors  would,  of  course,  be 
benefited  so  far  as  shocks,  due  to  the  one-step  starter,  are  con- 
cerned. 

In  regard  to  the  shock  on  machines,  I  think  that  is  again  where 
the  shelf  goods  might  lead  us  into  trouble.  The  shock  that 
comes  to  a  machine  takes  into  account  three  factors,  the  relation 
of  the  WR}  of  the  motor  to  the  equivalent  WR?  of  the  load.  If 
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that  is  negligible  as  compared  with  the  motor,  it  is  impossible  to 
start  the  load  so  as  to  hurt  it,  but  if  it  is  equal  it  becomes  a  serious 
part  of  the  problem,  and  if  it  is  greater  than  that  of  the  load,  it 
becomes  an  all  important  part  of  the  problem. 

A.  A.  Gazda:  In  addition  to  its  simplicity,  the  counter  e.m.f. 
switch  works  to  advantage  when  line  regulation  is  poor.  If  the 
line  voltage  is  known  to  remain  constant  at  full  value  under  all 
load  conditions,  the  pull-in  point  of  the  accelerating  switch  may 
be  set  high  without  fear  that  it  will  not  pull  in.  On  the  other 
hand,  if  the  resistance  drop  in  the  feeders  is  comparatively  large, 
the  counter  e.m.f.  switch  may  be  set  to  pull-in  at  a  low  voltage. 
Under  this  condition,  when  the  motor  is  connected  directly  to 
the  line  in  the  last  step,  a  heavy  peak  current  will  not  be  obtained, 
due  to  the  limiting  influence  of  the  feeders.  The  approach  to 
this  condition  seems  to  have  been  present  in  the  tests  presented 
by  Mr.  James.  Although  the  accelerating  switches  close  at  volt- 
ages as  low  as  60  to  70  per  cent  of  normal  line  pressure,  the 
peaks  obtained  are  not  excessive  in  any  case.  From  that  stand- 
point, I  think  it  is  all  right  to  make  use  of  the  line  drop,  wherever 
it  is  known  to  be  present. 

In  regard  to  the  time  element,  I  believe  it  is  becoming  good 
practise  to  have  time-element  overload  relays.  They  certainly 
are  necessary  on  induction  motors,  particularly  to  start  induc- 
tion motors.  Every  one  has  become  used  to  time-element  over- 
load relays.  We  don't  want  the  circuit  breaker  to  drop  out 
every  time  a  peak  of  a  fraction  of  a  second  occurs.  I  think 
that  the  abnormal  peaks  can  be  taken  care  of  in  that  way. 

Mr.  Hellmund  spoke  of  flashing  in  the  motor,  and  designing  to 
prevent  flashing  when  starting.  When  the  motor  is  at  standstill, 
the  armature  conductors  are  not  cutting  the  field,  or  are  cutting 
it  at  a  very  low  rate,  and  the  voltage  induced  across  the  armature 
bars  is  very  low.  I  have  found  in  a  standard  line  of  motors 
that  they  can  safely  be  thrown  on  the  line  with  a  starting  current 
five  or  six  times  normal,  without  damaging  the  motor;  and  as  far 
as  two  or  three  times  over-load  current  is  concerned,  there  is 
no  flashing  or  sparking  at  all.  It  seems  to  me  that  the  life  of  the 
motor  would  not  be  particularly  shortened  by  permitting  such 
high  peaks  where  there  is  no  sparking.  Of  course,  I  think  it  is 
fairly  well  known  that  after  a  motor  is  started  and  the  accelera- 
ting switches  come  in,  flashing  is  not  liable  to  occur  at  all. 

Mr.  Widdows  brought  out  the  point  that  we  will  get  more 
rapid  acceleration  when  we  use  a  large  number  of  switches.  That 
is  contrary  to  my  experience.  A  very  good  example  of  that  is 
the  planer  controller.  t  I  believe  that  all  controller  manufac- 
turers use  only  one  step  of  starting  resistance  for  planers  up  to  75 
h.p.  In  such  installations  it  has  been  found  that  if  you  use  three 
or  four  switches,  the  time  of  acceleration  will  be  merely  length- 
ened by  the  time  element  of  the  switches  dropping  in,  and  it  is 
found  that  the  quickest  acceleration  is  obtained  with  a  small 
number  of  switches. 
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R.  E.  Hellmund:  I  judge  from  Mr.  Gazda's  remarks  that  I  did 
not  make  myself  entirely  clear  on  the  flashing  with  the  motor 
starting  from  standstill.  I  do  not  claim  that  any  high  voltages 
between  segments  are  present  in  the  shunt  motor  when  started 
from  standstill.  With  a  series  motor,  however,  where  there  is  no 
damping  effect,  the  sudden  building  up  of  the  flux  causes  a  very 
severe  flash  unless  some  damping  effect  is  introduced;  in  shunt 
motors  we  always  have  a  very  strong  damping  effect  caused  by 
the  shunt  winding,  and  they  will,  therefore,  not  spit  when  started 
from  standstill. 

We  make  it  a  practise  to  test  railway  motors  up  to  200  h.p.  by 
starting  them  from  standstill  across  the  terminals  of  a  large 
generator  without  any  external  impedance  in  the  circuit  with  130 


Pig.  1 

A  —  Voltage  induced  between  segments  by  change  of  main  flux, 

B  -  Voltage  induced  between  segments  by  change  of  armature  cross  fluxes  (self-inductive 
voltage). 

C— Total  voltage  induced  between  segments.    (With  series  motor  at  standstill  thrown 
across  line). 

to  150  per  cent  of  their  rated  voltage,  and  since  they  are  series 
motors  they  always  do  spit  quite  appreciably  in  this  case.  The 
arc  does  not  pull  across,  however,  because  the  voltage  between 
the  segments  is  only  large  within  the  immediate  neighborhood 
of  the  brush.  The  voltage  induced  at  standstill  between  seg- 
ments when  the  motor  is  thrown  on  the  line  may  be  represented 
approximately  by  the  curve  Fig.  1.  It  will  be  seen  that  starting 
from  the  toe  of  the  brush,  the  voltage  is  first  very  high,  but  dimin- 
ishes quickly,  reaching  zero  before  the  other  brush  is  reached. 
Therefore,  the  arc  goes  usually  around  the  commutator  only 
about  one-third  the  distance  between  brushes. 

A.  A.  Gazda:  I  am  very  glad  that  Mr.  Hellmund  has  brought 
out  the  fact  that  this  condition  exists  particularly  in  the  series 
motor.  I  must  say  that  with  the  shunt  motor,  you  will  not  get 
spitting  at  standstill.  Am  I  correct  in  that,  Mr.  Hellmund  ? 
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R.  E.  Hellmund:  Yes. 

A.  A.  Gazda:  It  is  only  in  the  series  motor  that  we  have  to 
look  out  for  the  spitting  at  the  starting  point. 

J.  B.  Fisken:  Just  one  word  from  the  viewpoint  of  the  opera- 
ting man,  the  man  who  is  dictated  to  by  that  modern  invention, 
the  Public  Utility  Commission.  The  idea  that  I  gather  from 
this  paper  is  that  motors  up  to  50  h.p.  may  be  started  with  one- 
step  controllers.  Now,  that  is  all  right,  it  probably  does  not 
hurt  the  motor,  but  what  I  would  like  to  have  you  consider 
is  the  effect  on  regulation. 

Mr.  James  says,  "At  one  time  the  permissible  starting  current 
was  seriously  limited  by  the  danger  of  disturbance  to  the  supply 
voltage."  That  is  true.  At  one  time  that  was  perhaps  more 
true  than  it  is  now,  but  it  is  still  true  to  some  extent.  He  says: 
"The  increase  in  the  capacity  of  systems  supplying  power  now 
permits  small  and  medium  sized  motors  to  start  with  twice  full- 
load  current,  or  even  more,  without  disturbing  the  supply  volt- 
age." Now,  in  the  larger  system,  that  is  no  doubt  true,  especially 
in  the  center  of  the  interconnected  network,  but  very  fre- 
quently you  get  on  the  limit  of  that  interconnected  network 
where  possibly  the  distributing  mains  are  of  a  smaller  size,  with 
the  result  that  in  starting  such  a  motor  with  a  one-step  con- 
troller, the  voltage  drop  in  the  mains  would  be  quite  serious. 
It  is  becoming  more  and  more  the  custom  with  regulatory  bodies 
to  limit  the  voitage  variation  in  incandescent  lighting,  and  while 
up  until  now  that  has  not  been  very  serious — at  least  it  has  not 
been  so  out  in  the  West  with  us — the  tendency  will  be  to  improve 
that  regulation  from  time  to  time,  and  where  they  allow  at  the 
present  time  a  certain  voltage  variation,  in  two  years  from  now 
that  may  be  cut  in  half,  and  the  result  will  be  that  when  a  motor 
goes  on  the  stub  end,  say  of  a  branch  main,  with  a  one-step 
controller,  it  may  seriously  affect  the  lighting. 

At  the  beginning  of  his  paper,  Mr.  James  says:  "The  applica- 
tion of  the  controller  required  an  analysis  of  the  load  to  be 
driven  by  the  motor,  as  well  as  the  characteristics  of  the  motor. 
The  controller  must  cause  the  motor  to  operate  through  a  cycle 
which  is  best  adapted  to  the  motor  load  or  the  machinery  to 
which  the  motor  is  connected.  The  engineer  must  never  lose 
sight  of  the  fact  that  the  purpose  in  using  a  motor  and  controller 
is  to  do  certain  work,  and  that  he  should  select  a  type  of  motor 
and  controller  that  will  perform  this  work  under  existing  condi- 
tions, with  the  least  apparatus,  and  require  a  minimum  of 
attention."  That  is  all  right.  In  installing  a  motor  the  utility, 
through  its  engineering  department,  can  recommend  to  that 
customer  "what  controller  he  should  use,  but  the  title  to  that 
apparatus  passes  to  the  customer,  and  it  is  his,  to  do  what  he 
likes  with.  Now,  it  is  true  that  the  controller  he  installs  with  that 
motor  may  be  perfectly  suitable  for  his  particular  purpose,  but 
later  he  may  find  it  necessary  to  provide  a  motor  perhaps  twice 
the  size  of  the  one  he  has,  so  he  sells  the  old  one  to  another 
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customer,  and  this  customer  puts  it  to  an  entirely  different  use. 
I  should  like  to  see  the  standard  controller  be  one  which  could 
be  used  for  any  purpose;  then  possibly  for  special  purposes, 
where  the  motor  is  never  liable  to  be  used  for  anything  else, 
have  a  special  cotroller. 

Regarding  Mr.  Martindale's  remarks,  the  idea  was  to  have  a 
committee  to  establish  certain  standards  of  apparatus  for  certain 
purposes.  I  don't  think  that  is  wise.  Again  we  have  to  come 
back  to  the  regulatory  bodies,  and  unless  for  each  such  purpose 
there  is  a  specification  of  every  possible  voltage,  and  every  pos- 
sible type  of  motor  that  may  be  used,  there  will  be  considerable 
danger.  The  standards  may  provide,  for  instance,  that  for  a 
certain  purpose,  a  500  or  600-volt  d-c.  motor  with  a  certain 
controller  should  be  used.  Now,  a  customer  goes  to  the  utility 
and  says  that  he  wants  that  apparatus  installed  in  his  plant, 
the  utility  informs  him  that  it  cannot  supply  that  type,  but  can 
supply  him  with  an  a-c.  motor,  a  type  of  apparatus  that  will  give 
perfect  results.  He  says,  " No,  I  want  that,"  and  when  the  utility 
refuses  to  furnish  it  he  goes  to  the  utility  commission,  and  the 
commission  rules  that  the  American  Institute  of  Electrical 
Engineers  has  established  that  particular  type  of  motor  for 
that  particular  purpose,  and  therefore  the  utility  must  put  in  the 
plant  to  furnish  that  service.  There  is  the  danger,  to  my  mind,  of 
doing  what  Mr.  Martindale's  committee  had  in  mind. 

E.  H.  Martindale:  Evidently,  I  did  not  make  it  quite  clear 
that  the  committee  is  going  to  be  very,  very  careful  not  to 
recommend  in  any  case  a  d-c.  motor  against  an  a-c.  motor,  or 
vice  versa.  We  will,  on  any  machines  that  we  make  any  recom- 
mendations for,  recommend  the  best  a-c.  and  the  best  d-c.  motor, 
or  we  will  make  no  recommendation  at  all,  because  we  know  the 
hot  water  we -would  get  into  if  we  started  anything  between  the 
alternating-current  and  the  direct-current.  It  may  not  be  pos- 
sible to  carry  this  plan  through  at  all,  it  is  simply  to  be  presented 
at  some  future  meeting  in  a  series  of  papers  for  consideration,  to 
see  whether  the  method  is  possible,  and  whether  it  is  worth  while. 
Different  voltages  will  bring  up  other  questions  which  I  think 
we  had  better  leave  for  discussion  at  the  proposed  meeting  when 
we  will  have  data  to  present,  to  try  to  show  the  value  and  feasi- 
bility of  such  work. 

F.  W.  Gay:  One  hundred  and  fifty  controllers  were  installed 
in  a  munition  plant  for  starting  motors  under  15  h. p.  Each  con- 
troller consisted  of  a  simple  knife  switch  which  by  closing  into  3 
clips  in  succession;  first,  connected  the  motor  to  the  line  through 
a  two-ohm  and  a  one-ohm  resistance,  second,  short-circuited  the 
two-ohm  resistance,  third,  short-circuited  the  one-ohm  resist- 
ance. Controllers  were,  on  an  average,  closed  and  opened 
approximately  every  3  minutes,  24  hours  per  day  and  7  days  per 
week  for  ten  months.  No  trouble  was  experienced  with  this 
equipment  when  used  with  belted  motors,  other  than  the  neces- 
sity of  turning  approximately  a  dozen  commutators.    A  very 
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heavy  wiring  system  was  installed  and  no  serious  flickering  of 
lights  occurred. 

In  the  same  company's  commercial  plant  approximately  1000 
motors  are  used  on  a  multiple-voltage  four-wire  system.  These 
motors  are  switched  successively  through  40,  80,  120,  160,  200 
to  240  volts  without  the  use  of  any  buffer  resistance.  This  con- 
trol is  used  on  motors  up  to  50  h.  p.  and  has  been  in  service  over 
20  years.  Only  ordinary  maintenance  has  been  necessary. 

Alexander  Gray:  The  point  Mr.  Hellmund  brought  out  should 
not  be  overlooked,  that  for  twenty  years  or  more  induction 
motors  have  been  brought  up  to  speed  by  a  one-step  starter,  the 
motor  drawing  from  three  to  four  times  full-load  current  at  a 
very  low  power  factor.  If  the  motor  does  not  start  up  with  this 
current  the  auto-transformer  tap  is  changed  and  the  current 
further  increased.  The  proposition  submitted  by  the  author  is 
somewhat  similar,  except  that  he  restricts  the  starting  current  to 
a  value  that  will  have  much  less  effect  on  line  regulation. 

The  larger  number  of  motors  now  installed  are  of  the  squirrel- 
cage  type  and  the  torque  required  for  starting  is  generally  less 
than  full-load  torque.  Many  of  these  motors,  because  of  patent 
reasons,  did  not  have  a  prime  number  of  slots  in  the  rotor  and 
therefore  the  starting  torque  was  not  as  good  as  it  might  have 
been,  and  yet  these  motors  started  up  the  loads  found  in  practise; 
induction-motor  operators  are  therefore  satisfied  with  a  one- 
step  starter. 

Before  I  came  to  the  meeting  I  had  an  unskilled  operator 
start  up  a  d-c.  motor,  which  had  a  brake  arm  and  a  spring 
balance  attached,  by  means  of  a  face  plate  starter  and  then 
had  him  repeat  the  experiment  with  a  single  resistance  and  a 
knife  switch,  a  voltmeter  being  connected  across  the  motor 
terminals  to  indicate  when  the  switch  should  be  closed.  There 
was  little  to  choose  between  the  two  methods  of  starting  and  a 
one-step  automatic  starter  is  as  good  as  the  above  combination, 
I  therefore  feel  that  the  author  should  have  no  difficulty  in 
defending  the  stand  he  has  made. 

J.  P.  Mallett:  It  has  been  brought  out  by  several  speakers 
that  perhaps  the  reason  so  many  steps  have  been  used  in  the  past 
for  starting  was  due  to  the  fact  that  motors  would  not  commutate 
under  over-load  starting  conditions,  which  I  believe  myself  is 
true.  With  the  later  designs  in  motors,  with  the  commutating 
pole,  the  commutating  feature  has  been  so  well  taken  care  of 
that  I  believe  you  can  very  readily  cut  down  the  starting  condi- 
tions without  injury,  and  for  certain  classes  of  work  I  think  there 
is  no  question  but  what  one  step  of  resistance  is  quite  sufficient, 
with  a  shunt  motor,  and  none  with  a  series  motor.  There  is  one 
point  that  has  not  been  taken  up,  and  that  is  the  class  of  work 
that  may  be  performed  on  the  particular  machine  operated.  It 
is  sometimes  necessary  to  consider  that  very  carefully,  whether 
it  is  permissible  to  start  as  quickly  as  the  motor  can  start,  without 
injuring  the  work. 
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There  is  one  point,  regarding  the  line  voltage,  and  that  is 
where  the  motors  may  be  supplied  from  a  small  power-station. 
We  are,  I  think,  in  the  habit  of  thinking  of  the  mere  lighting  ques- 
tion, whether  the  lights  are  going  to  flicker.  There  is  another 
problem  that  is  coming  in  more  and  more,  in  fact,  it  is  very 
important  today,  and  that  is  the  heating  load.  With  heat 
supplied  on  central  station  lines,  if  the  voltage  is  going  to  vary 
seriously  the  heating  effects  may  be  very  disastrous. 

All  of  us  who  have  been  particularly  interested  in  introducing 
the  motor  drive,  the  individual  drive  particularly,  have  run 
against  the  snag  of  the  comparative  cost  of  the  controller.  Some 
motors  of  course  will  not  have  to  be  started  more  than  two  or 
three  times  a  day,  but  others  as  frequently  as  every  few  minutes. 
I  cannot  imagine  any  more  severe  condition  than  a  planer  motor, 
and  if,  as  we  have  heard,  the  planer  operated  with  entire  satis- 
faction, and  the  motor  as  well,  with  just  one  step  of  resistance, 
why  that  very  nearly  proves  the  point. 

It  makes  some  difference  whether  or  not  the  company  which 
manufactured  the  motor  also  manufactured  the  controller.  In 
other  words,  do  you  know  exactly  what  you  are  putting  together. 
Then  the  question  of  the  standardization  of  parts  enters 
very  strongly.  I  am  also  very  strongly  convinced  that  the 
amount  of  motor  application  we  are  able  to  carry  out  will  be 
influenced  to  a  great  extent  by  not  only  the  cost  of  the  controller 
but  the  space  it  will  occupy.  Many  of  us  I  think  have  found  that 
putting  a  motor  and  controller  on  a  piece  of  apparatus  makes  it 
unsightly,  outside  of  question  of  expense.  Where  can  we  put  the 
controller?  That  is  frequently  a  problem  that  confronts 
us,  and  if  by  leaving  out  these  various  steps  of  resistance  the  size 
of  the  controller  can  be  reduced,  it  is  a  point  well  worth  consider- 
ing. 

H.  D.  James:  Two  or  three  points  in  this  discussion  have 
stood  out.  First,  I  think  that  all  those  present  must  be  impressed 
with  the  necessity  of  giving  the  electric  controller  more  serious 
consideration.  The  discussion  has  brought  out  a  number  of 
problems  and  has  suggested  further  investigation.  I  stated  in 
presenting  my  paper  that  I  did  not  expect  it  to  be  a  complete 
answer.  The  work  done  was  in  the  hope  of  stimulating  others 
to  carry  the  investigation  further. 

Second,  the  engineers  who  have  discussed  this  paper  must  have 
based  their  statements  upon  actual  test  data.  I  think  it  would  be 
well  if  they  would  submit  these  tests,  as  well  as  their  deductions. 

I  am  sorry  that  it  is  necessary  to  print  the  oscillograph  records 
to  such  a  small  scale.  I  will  be  glad,  however,  to  show  blue  prints 
of  the  original  oscillographs  to  anyone  who  is  interested  in  seeing 
them. 

A  number  of  the  speakers  have  brought  out  the  fact  that  my 
test  did  not  record  the  voltage  impressed  at  the  controller  termi- 
nals during  the  period  of  acceleration.  It  would  have  been  much 
better  to  have  taken  those  data,  as  it  would  have  answered  a 
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number  of  questions  which  have  been  brought  out.  I  believe 
that  further  investigation  should  be  made,  in  which  those  data 
are  recorded. 

The  discussion  has  brought  out  three  probable  factors  that 
reduce  the  starting  current  peaks : 

(a)  The  resistance  in  the  circuit  external  to  the  controller. 

(b)  There  is  always  a  drop  in  the  generator  voltage  corre- 
sponding to  a  sudden  increase  in  the  current. 

(c)  There  undoubtedly  was  a  reaction  between  the  armature 
current  and  the  shunt-field  current.  This  is  shown  very  clearly 
at  the  beginning  of  the  cycle.  This  reaction  may  have  kept  down 
the  current  peaks  considerably. 

I  agree  with  Mr.  McLain  that  starters  installed  in  a  power 
plant  will  have  very  close  voltage  regulation  at  the  terminals 
of  the  starter  and  therefore  will  require  at  least  an  additional 
step  for  accelerating. 

In  the  main,  calculations  seemed  to  show  that  the  resistance 
of  the  average  feeder  is  not  less  than  half  the  resistance  of  the 
motor  armature,  so  that  in  most  installations  at  least  this  much 
additional  resistance  can  be  figured  on. 

Both  Mr.  B.  G.  Lamme  and  Mr.  D.  Hall  have  published  data 
showing  that  when  a  generator  is  operating  at  no  load  and  you 
suddenly  connect  it  to  full  load  the  dip  in  the  generator 
voltage  approaches  zero.  This  dip,  however,  is  too  rapid  to  be 
measured  with  a  voltmeter.  These  tests  would  indicate  that 
when  a  motor  is  started  from  a  small  power  plant,  a  reason- 
able drop  in  voltage  should  be  expected,  depending  upon  the  ratio 
of  the  size  of  the  generator  to  the  size  of  the  motor. 

Several  speakers  have  assumed  that  the  maximum  value  of 
the  current  on  each  step  is  equal  to  the  line  voltage  divided  by 
the  resistance  in  the  circuit.  I  do  not  agree  with  this  deduction, 
as  I  believe  that  there  are  other  factors  which  may  materially 
reduce  the  maximum  value  of  these  current  peaks.  It  is  very 
necessary  to  make  a  mathematical  deduction  of  the  problem  in 
advance  of  tests,  so  that  the  tests  may  be  properly  directed.  No 
such  mathematical  deduction,  however,  should  be  taken  as  final 
until  it  has  been  verified  by  careful  tests. 

The  National  Electric  Light  Association  rules  permit  the 
starting-current  peaks  to  be  equal  to  twice  the  full-load  current. 
A  reference  to  the  tests  in  my  paper  show  that  in  no  case  was  this 
maximum  value  reached. 

A  number  of  speakers  emphasized  the  difference  between 
starting  light  and  starting  with  an  inertia  load.  They  apparently 
overlooked  the  statement  in  my  paper  that  in  every  case  the 
motor  was  started  with  a  load,  either  a  prony  brake,  set  to  give 
full-load  torque,  or  a  50-kw.  generator  belted  to  the  motor  and 
operated  at  about  the  same  speed  as  the  motor.  The  inertia  of 
the  generator  was  in  excess  to  that  of  the  motor.  If  the  motor 
was  started  light,  as  often  happens  in  practise,  the  current  values 
would  have  been  somewhat  less  than  shown  in  the  paper. 
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These  tests  were  made  in  a  commercial  testing  room,  and  it 
was  necessary  to  use  motors  which  were  available  at  the  time. 
This  accounts  for  the  fact  that  we  used  two  different  motors 
when  making  the  tests  for  adjustable  speed. 

I  trust  that  this  is  only  the  beginning  of  such  tests  and  that  we 
will  have  more  investigations  of  this  kind  reported  to  the  Insti- 
tute. The  curves  shown  in  the  paper  for  motors  having  different 
characteristics  were  not  intended  to  be  compared  for  exact  values. 
The  general  shape  of  the  curves,  however,  indicates  relative 
performances. 

Customers  frequently  have  an  idea  that  the  starting  torque 
of  a  shunt  motor  reaches  its  maximum  value  immediately.  If 
therefore,  thecontrollerpermits  more  than  full-load  current  to  pass 
through  the  motor,  the  torque  will  be  in  excess  of  full-load  value. 
If  the  motor  has  four-to-one  speed  adjustment,  the  impression 
prevails  that  at  starting,  more  than  four  times  full-load  torque 
may  be  obtained.  I  believe  that  the  tests  disproved  this  con- 
tention. They  show,  however,  that  as  the  motor  increases  in 
speed,  the  torque  gradually  increases,  so  that  an  adjustable- 
speed  motor  will  start  a  heavier  load  using  one  step  of  starting 
resistance  than  a  corresponding  single-speed  motor. 

Mr.  Widdows  brings  out  the  point  that  while  a  single-step 
starter  might  be  suitable  for  certain  applications,  it  is  necessary 
for  commercial  controllers  to  rpeet  the  worst  conditions.  This 
does  not  seem  to  me  to  be  logical.  I  would  suggest  that  possibly 
two  different  starters  could  be  used,  one  to  meet  average  condi- 
tions and  one  for  heavy  starting.  This  would  also  enable  us  to 
take  advantage  of  the  location  of  the  starter  relative  to  the 
power  plant,  the  probability  of  good  voltage  regulation  and  other 
factors  of  this  kind. 

Another  objection  to  a  single-point  starter  is  that  the  overload 
relay  when  used  would  require  a  time-element  device  to  keep 
it  from  tripping.  I  believe  that  a  time-element  device  on  all 
relays  protecting  motors  is  good  engineering  and  should  be  used 
even  with  a  large  number  of  starting  points. 

Another  advantage  of  the  time-element  device  is  to  protect 
the  starter  in  case  of  severe  overloads  closed  to  a  large  supply  of 
power.  In  such  cases,  the  overload  protection  on  the  controller 
should  have  a  longer  time  element  than  the  circuit  breaker 
protecting  feeder,  so  that  the  circuit  breaker  will  rupture  a  short 
circuit  or  ground  before  the  starter  attempts  to  open  the  circuit. 
A  time-element  overload  device  on  a  controller  can  be  set  to 
protect  the  motor  against  continuous  overload,  and  will  have 
enough  time  element  to  permit  the  motor  to  take  overloads  for 
short  intervals  of  time. 

Mr.  Widdows  questioned  the  use  of  a  single-step  controller  for 
dynamic  braking  resistance,  his  objection  being  that  this  single 
step  must  be  adjusted  for  each  particular  motor.  It  is  customary 
in  furnishing  controllers  for  adjustable-speed  motors,  to  have  the 
exact  field  data,  so  that  the  field  rheostat  may  be  correct.  At 
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the  same  time,  the  remaining  information  regarding  the  motor 
can  be  obtained  so  that  the  dynamic-brake  resistance  can  be 
properly  designed. 

R.  L.  Goetzenberger:  Short-circuited  current  under  the 
brushes  affecting  as  it  does  the  flux  of  the  main  field;  the  trans- 
former action  between  the  field  and  armature  which  induces 
a  high  voltage  at  the  brushes  that  directly  influences  n6t  only 
the  short-circuited  current  but  also  the  armature  output  current; 
the  residual  magnetism  in  the  commutating  poles  causing  a 
variation  in  the  demagnetization  of  the  shunt  field  are  all  factors 
that  demand  consideration  by  the  designer  of  d-c.  motors.  The 
incorporation  of  these  together  with  those  involved  in  certain 
construction  details,  over  which  no  formulas  have  control,  into 
a  mathematical  derivation  necessarily  means  complication. 
Fundamentally  therefore,  in  making  computations  from  the 
equations,  reference  should  always  be  made  to  the  text  in  order 
to  avoid  indiscriminate  separation  of  the  derivation  and  its 
qualifications. 
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TRANSIENT  CONDITIONS  IN  ASYNCHRONOUS  INDUC- 
TION MACHINES  AND  THEIR  RELATION  TO  CONTROL 

PROBLEMS 


BY  R.  E.  HELLMUND 


Abstract  of  Paper 
This  paper  discusses  a  number  of  transient  conditions  existing 
in  asynchronous  machines  immediately  after  certain  changes 
in  the  circuit  connections  are  made.  The  advisability  of  con- 
sidering these  conditions  in  connection  with  the  control  layout 
for  the  purpose  of  eliminating  bad  effects  caused  thereby,  is 
pointed  out.  The  principal  subjects  considered  are  unde- 
sirable peak  currents,  which  may  be  caused  by  the  damping  effect 
of  the  short-circuited  rotor  windings  and  the  over-voltages, 
which  are  obtained  with  certain  control  arrangements. 


Damping  Effect  of  Closed-Circuit  Secondaries 

IT  IS  generally  understood  that  the  strong  demagnetizing  or 
*  damping  effect  of  a  short-circuited  low  resistance  secondary 
of  an  inductance  motor  plays  an  important  partMuring  the  start- 
ing from  standstill,  in  so  far  as  it  counteracts  and  weakens  the 
useful  field  of  the  motor  to  a  considerable  extent,  resulting  in 
very  large  starting  current  accompanied  by  relatively  small 
starting  torques.  It  is,  however,  not  always  fully  realized  that 
the  same  damping  effect  influences  the  motor  working  conditions 
in  a  number  of  other  ways  leading  at  times  to  very  unfavorable 
effects,  while  serving  to  good  advantage  in  other  cases. 

The  fundamental  fact  to  be  considered  in  this  connection  is 
that  any  short-circuited  low  resistance  winding  will  strongly 
oppose  any  change  of  flux  interlinking  with  the  winding.  If  the 
interlinking  flux  is  of  zero  value,  the  building  up  of  flux  will  be 
strongly  opposed;  on  the  other  hand,  if  a  certain  flux  happens 
to  exist,  its  disappearance  will  be  strongly  opposed.  This  is  due 
to  the  fact  that  any  change  of  flux  regardless  of  its  cause  or 
nature  will  at  once  induce  a  voltage  in  the  short-circuited  wind- 
ing which,  in  turn,  causes  currents  to  flow.  These  currents  are 
of  demagnetizing  direction  if  a  flux  is  trying  to  build  up  or  in- 
crease, and  of  a  magnetizing  direction  if  a  flux  is  trying  to  dis- 
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appear  or  'decrease.  Thi<>  simple  phenomenon  should  be  kept  in 
mind  in  connection  with  the  design  of  the  control  with  regard  to 
every  manipulation. 

Let  us  consider,  for  instance,  the  most  common  method  of 
starting  induction  motors  by  connecting  the  motor,  first  to  a 
low-voltage  tap  of  an  auto  transformer,  subsequently  disconnect- 
ing the  motor  and  connecting  it  to  the  full  line  voltage.  It  is 
frequently  assumed  that  the  largest  current  surge  is  obtained 
with  this  method  of  starting  when  the  motor  is  standing  still 
and  first  connected  to  the  low-voltage  tap  of  the  auto  trans- 
former, and  that  the  current  obtained  when  changing  over  to  the 
full  voltage  corresponds  to  the  current  value  indicated  by  the 
speed-current  curve  of  the  motor  for  full  voltage.  As  a  matter 
of  fact,  it  is  possible  to  obtain  change-over  currents  far  in  excess 
of  the  original  starting  currents.  The  standard  method  for  cal- 
culating the  change-over  current  from  the  speed-current  curve 
assumes  that  certain  stable  conditions  exist  with  a  rotating  field 
and  certain  phase  relations  between  primary  and  secondary 
currents  fully  established,  a  condition  which,  however,  does 
not  exist  after  the  power  supply  to  the  motor  has  been  tempo- 
rarily interrupted  during  the  change-over. 

Various  conditions  may  exist  in  the  motor  after  a  temporary 
interruption  of  power  supply.  When  the  low-voltage  starting 
contacts  are  opened  the  rotating  field  set  up  in  the  rotor  will  be 
prevented  from  immediately  disappearing  by  the  previously 
mentioned  damping  effect  of  the  rotor.  The  flux  will  continue 
to  exist  and  rotate  with  the  rotor  for  a  certain  period  of  time 
until  the  stored  magnetic  energy  is  used  up  by  ohmic  losses  in 
the  rotor,  eddy  currents,  and  the  like.  Since  the  rotating  flux 
continues  to  exist  it  will,  of  course,  continue  to  induce  a  voltage 
in  the  primary  winding. 

The  6scillogram,  Fig.  1,  showing  the  motor  voltage  before  and 
after  the  interruption  of  the  primary  contacts  demonstrates  this 
point.  The  size  of  the  voltage  maintained  after  interruption  and 
the  time  during  which  an  appreciable  voltage  is  maintained, 
depends  principally  upon  the  amount  of  magnetic  energy  stored 
in  the  rotor  at  the  time  of  interruption  as  well  as  upon  the  speed 
with  which  this  energy  is  used  up  by  losses  in  the  motor.  The 
losses  depend  largely  upon  the  resistance  in  the  secondary,  and, 
therefore,  the  energy  will  be  used  up  the  quicker  the  higher  the 
secondary  resistance.  The  oscillograms,  Figs.  1  and  2,  were  both 
taken  on  a  40-h.p.,  eight-pole,  60-cycle,  wound-secondary  motor. 
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In  case  of  Fig.  1,  the  rotor  was  short-circuited,  while  in  case 
of  Fig.  2,  an  external  resistance  was  introduced  to  bring  the 
motor  speed  down  to  800  rev.  per  min. ;  the  motor  was  running 
light  in  both  cases.  Comp&rision  of  the  two  figures  shows 
plainly  the  effect  of  additional  resistance  upon  the  motor  flux 
and  voltage  after  the  interruption.  With  the  short-circuited 
rotor,  the  voltage  drops  to  about  80  per  cent  after  one  cycle,  to 
75  per  cent  after  two  cycles  and  to  50  per  cent  after  six  cycles, 
while  with  the  extra  resistance  in  the  rotor  the  corresponding 
values  are  about  60  per  cent,  50  per  cent  and  25  per  cent.  With 
short-circuited  rotor,  the  voltage  practically  dies  out  after 
about  35  cycles,  or  0.6  second;  with  the  extra  resistance,  only  15 
cycles  or  0.25  second  are  required.  With  short-circuited  second- 
ary, the  motor  voltage  drops  below  half  voltage  after  7  cycles  or 
0.12  second,  while  with  extra  resistance  only  1.5  cycles  or  0.025 
second  are  required. 

Outside  of  the  ohmic  secondary  resistance  losses,  there  are  as 
already  mentioned  other  losses  participating  in  a  secondary  de- 
gree in  the  consumption  of  the  stored  magnetic  energy.  The 
sudden  changes  of  current  in  both  members,  and  the  correspond- 
ing changes  in  leakage  fluxes  are  naturally  accompanied  by  ap- 
preciable eddy  losses  in  the  conductors  and  the  iron,  hysteresis 
losses  and  the  like;  other  core  losses  are  caused  by  the  rotation 
of  the. sustained  field  in  the  stator  iron,  etc. 

The  amount  of  stored  magnetic  energy  is  principally  given  by 
the  size  of  the  total  flux  in  the  machine,  which,  in  turn,  is  the 
product  of  the  magnetic  densities  and  the  magnetic  sections. 

A  very  simple  consideration  based*  upon  these  fundamental 
facts  leads  to  the  conclusion  that  the  flux  and  voltage  will,  in 
general,  be  maintained  the  longer,  the  larger  the  machine  and 
the  smaller  the  number  of  poles.    While  other  factors,  like  mag- 

*A  fair  idea  of  the  principal  factors  regarding  the  amount  and  time  of 
the  maintained  flux  can  be  obtained  by  the  following  consideration.  The 
principal  energy  dissipating  losses,  namely,  the  secondary  resistance 
losses  are,  in  general,  proportional  to  the  'ength  L  of  the  conductor  per 
pole  and  inversely  porportional  to  the  available  space  for  effective  con- 
ductor section  5  in  the  rotor.  The  length  of  the  conductor  is,  in  turn, 
proportional  to  the  length  of  the  core  /  plus  the  pole  pitch  T  times  a  co- 
efficient k.    The  pole  pitch  is  given  by 

Dir 

T  =   

P 

where  D  is  the  air-gap  diameter  and  p  the  number  of  poles;  therefore,  we 
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netic  air-gap  density,  the  copper  space  factor  in  the  secondary 
winding,  ratio  of  pole  pitch  to  core  width,  etc.,  also  have  a  certain 
influence,  they  do  not  vary  over  a  wide  range  with  up  to  date 
designs  of  small  commercial  motors.  With  larger  motors  now 
becoming  more  common  in  use,  these  points  should  also  be  given 
due  consideration. 

This  general  conclusion  is  well  borne  out  by  results  obtained 
in  practise.  It  has  been  observed,  for  instance,  that  an  in- 
duction machine  of  about  1500  h.p.,  25  cycles,  4-poles,  would 
maintain  a  sufficient  voltage  to  keep  incandescent  lamps  lu- 
minous for  seven  seconds  after  the  current  supply  was  inter- 
rupted. On  the  other  hand,  a  comparison  of  Fig.  3,  which 
applies  to  a  5-h.p.,  10-po!e,  60-cycle  motor,  with  Fig.  1  will  show 
how  a  small  machine  maintains  the  flux  and  voltage  only  for  a 
comparatively  short  period  of  time,  the  voltages  following  the 
circuit  interruptions  being  about  70  per  cent  after  one  cycle,  55 
per  cent  after  two  cycles  and  25  per  cent  after  six  cycles,  while 

have  an  energy  dissipating  constant  per  pole 

The  constant  of  stored  energy  per  pole  Ea  is  given  by  the  pole  face 
DTl 


P 


multiplied  by  the  air  gap  density  B 


therefore,                                Dw  I  B 
E9  =  — 


/        I  P       ,  rDir 

Assuming  a  ratio        r  =  —  =»  — —  or  /  =    we  have 

T        DTT  p 


and 


D  TT 
Ed  -  —  (r  +  *)  — 

P  s 

Et  =  D*  — 


It  is  at  once  evident  that  insofar  as  the  stored  energy  is  proportional  to 
the  square  of  the  diameter,  while  the  energy  dissipating  factor  grows  only 
in  linear  proportion,  that  the  maintained  voltage  will  be  in  time  and 
amplitude,  the  larger,  the  larger  the  machine.  A  further  study  of  these 
expressions  also  indicates  that  the  maintained  voltage  will  be  in  general 
the  larger,  the  larger  the  air-gap  densities,  the  smaller  the  number  of 
pole,  etc. 
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the  corresponding  values  in  Fig.  1  are  80  per  cent,  75  per  cent 
and  50  per  cent  respectively. 

The  load  condition  of  the  motor  will  also  have  an  influence 
upon  the  maintained  flux  and  voltage,  which,  in  general,  decrease 
with  increased  load.  This  is  due  to  several  reasons,  for  instance 
the  fact  that  on  account  of  the  primary  drops,  the  secondary 
flux  under  load  is  smaller  than  the  primary  flux  to  start  with, 
further,  that  on  account  of  the  larger  load  leakage  fluxes,  and 
their  sudden  changes,  more  energy  is  dissipated  by  eddy  currents, 
etc. ;  again,  the  lower  load  speed  will,  with  a  given  rotor  flux, 
induce  less  voltage  in  the  primary  than  the  higher  no-load  speed. 
This  may  be  demonstrated  by  comparing  Fig.  1  with  Figs.  4  and  5. 
These  oscillograms  were  taken  on  the  same  motor,  with  no-load 
(Fig.  1)  and  1J  load  (Figs.  4  and  5) .  Fig.  6,  which  was  taken  on  a 
25-h.p.,  6-pole,  60-cycle  motor  under  the  same  load  conditions  as 
Figs.  4  and  5  on  the  40-h.p.,  8-pole  motor,  is  also  of  interest.  A 
comparison  of  these  figures  shows  that  the  lower  rated  25-h.p. 
motor  maintains  the  voltage  and  flux  better  than  the  40-h.p. 
motor  under  the  same  load,  which  is  due  to  the  relatively  lower 
rotor  resistance  usually  incident  to  the  smaller  humber  of  poles. 

It  is  evident  from  the  previous  considerations  that  if  the  pri- 
mary switches  are  reclosed  after  a  temporary  circuit  interrup- 
tion, the  voltage  and  flux  conditions  of  the  motor  may  be  widely 
different  under  various  assumptions  of  the  motor  characteristics, 
the  load,  the  time  elapsed,  etc. 

Current  Peaks  with  Closed-Circuit  Secondaries  and  Zero 

Field 

Let  us  consider  first  the  case  where  the  time  of  change-over 
from  the  low-voltage  tap  to  full  voltage  is  long  enough  to  permit 
the  rotor  flux  to  reach  zero  value  before  the  full  voltage  contacts 
are  closed.  It  is  evident  from  the  fundamental  facts  stated  in 
the  beginning  of  the  paper  that  upon  closing  the  contacts,  the 
damping  effect  of  the  rotor  will  prevent  the  quick  establishment 
of  the  rotor  flux  on  account  of  rotor  currents  setting  up  and 
strongly  opposing  the  effect  of  the  primary  currents.  This  will 
also  prevent  all  but  the  leakage  part  of  the  primary  flux  from 
building  up  quickly,  so  that  at  the  first  instant  whatever  counter 
e.m.f.  exists  has  to  be  largely  supplied  by  leakage  fluxes  no 
matter  what  the  speed  of  the  motor  may  be.  In  other  words, 
very  large  primary  currents  are  required  at  the  first  instant,  no 
matter  what  the  speed  of  the  motor,  to  set  up  sufficiently  large 
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leakage  fluxes  to  induce  the  proper  counter  e.m.f.  which  must 
always  be  equal  and  opposite  to  the  impressed  e.m.f.  after  the 
circuit  is  closed.  The  amplitude  of  the  current  peaks  when 
connecting  the  motor  to  the  line  with  no  flux  in  the  secondary 
may,  therefore,  be  the  same  near  synchronous  speed  as  it  is  at 
standstill  for  a  given  motor  voltage.  Since  with  the  standard 
method  of  starting,  the  voltage  after  the  change-over  is  usually 
larger  than  when  starting  from  standstill,  it  is  evident  that  the 
current  peak  after  the  change-over  may  be  larger  than  when 
starting,  assuming  in  both  cases  that  the  rotor  field  is  zero  at  the 
time  the  connection  is  made.  This  does  not  necessarily  mean 
that  the  effect  upon  the  line  and  control  apparatus  at  the  time  of 
the  change-over  is  worse  than  at  starting.  In  either  case,  the 
currents  settle  down  within  a  short  time  to  the  values  given  by 
the  speed-current  curve.  Since  these  values  are  usually  larger 
for  starting  than  at  the  change-over,  and  since  the  continuity  of 
current  peaks  plays  an  important  part  in  the  effect  upon  the 
system,  the  resultant  effect  depends  upon  the  individual  case. 
It  is,  however,  evident  from  the  previous  discussion  that  in  a 
good  many  cases  under  the  conditions  discussed,  the  effect  fol- 
lowing the  change-over  may  be  worse  than  during  starting. 

The  current  peak  obtained  depends,  of  course,  to  a  large 
extent  upon  the  point  of  the  impressed  voltage  wave  at  which  the 
switches  are  closed.  Moreover  it  can  easily  be  seen  that  the 
damping  effects  opposing  the  building  up  of  the  flux  are,  in 
general,  dependent  upon  the  same  factors  as  the  damping  effects 
maintaining  the  flux  after  the  power  supply  has  been  interrupted, 
namely,  the  rotor  resistance,  etc.  Furthermore,  the  leakage 
fluxes  will  have  an  important  influence  upon  the  current  peaks 
as  already  pointed  out.  In  general,  it  will  be  found  that  the 
size  of  the  current  peaks  relative  to  the  sustained  current  values 
is  liable  to  be  the  larger,  the  larger  the  machine  and  the  smaller 
the  number  of  poles. 

Fig.  7  shows  a  current  peak  of  778  amperes  obtained  with  the 
40-h.p.,  8-pole  motor  which  has  a  sustained  standstill  current 
of  only  about  425  amperes  effective  (600  amperes  crest  value) 
and  about  115  amperes  effective  (163  amperes  crest  value)  sus- 
tained current  at  the  speed  at  which  the  test  was  made. 

These  conditions  were  obtained  with  an  external  resistance  in 
the  rotor  circuit  and  it  is  evident  that  worse  conditions  may  be 
experienced  with  the  rotor  short-circuited. 
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Current  Peaks  With  Field  Sustained  by  Closed- 
Circuit  Secondaries 
Let  us  consider  now  a  case  in  which  the  change-over  or  current 
interruption  is  accomplished  very  quickly  so  that  the  contacts 
are  reclosed  before  the  rotor  field  has  died  out.  Let  us  also  as- 
sume at  present  that  in  such  a  case  the  load  of  the  motor  hap- 
pens to  be  light,  so  that  the  rotor  rotates  at  practically  synchro- 
nous speed  and  that  the  rotor  inertia  is  large  enough  so  as  to 
keep  the  motor  speed  practically  unchanged  during  the  power 
interruption.  With  these  assumptions,  the  counter  e.m.f.  of  the 
stator  induced  by  the  flux  rotating  with  the  rotor  will  maintain 
a  synchronous  relation  with  the  line  e.m.f.,  and  if  the  contacts 
are  reclosed  the  counter  e.m.f.  of  a  certain  amount  and  proper 
phase  relation  already  exists  keeping  the  initial  current  rush 
down  to  a  very  small  value.  In  such  cases,  it  may  be  that  the 
initial  current  closely  agrees  with  the  current  given  by  the  speed- 
current  curve  of  the  motor.    If,  on  the  other  hand,  the  motor  is 
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heavily  loaded,  so  that  its  rotor  speed  is  appreciably  below  syn- 
chronism, and  if  the  rotor  has  small  inertia  so  as  to  permit  a 
further  drop  in  speed  during  the  current  interruption,  the  voltage 
induced  by  the  flux  rotating  with  the  rotor  speed  will  fall  quickly 
out  of  synchronism  with  the  line  voltage.  Such  a  condition 
is  demonstrated  in  Fig.  8  which  has  been  traced  from  an  oscillo- 
gram similar  to  that  of  Fig.  6  in  order  to  show  the  conditions 
clearer  than  is  possible  with  the  oscillograms  themselves,  which 
were  unfortunately  taken  with  the  voltage  elements  connected 
in  opposite  directions  (see  Fig.  6)  or  to  different  phases  (see 
Figs.  4,  5  and  7). 

If  we  assume,  for  instance,  that  the  stator  voltage  has  slipped 
i  cycle  relative  to  the  line  voltage  as  at  the  point  A  when  the 
contacts  are  closed,  we  have  a  condition  very  much  the  same  as 
obtaining  in  a  synchronous  machine  connected  to  the  line  when 
out  of  synchronism,  and  it  is  evident  that  very  large  currents 
may  flow  temporarily  because  it  is  not  only  necessary  to  build 
up  a  rotor  flux  against  the  damping  effect  of  the  secondary  wind- 
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trol  switches,  especially  when  temporarily  only  one  of  the  pri- 
mary circuits  of  a  polyphase  motor  is  closed,  as  is  frequently 
the  case  on  account  of  the  fact  that  the  switches  do  not  all  come 
in  simultaneously. 

Effect  of  Secondary  Damping  Currents  Upon 
Operation  and  Design 

While  the  damping  effect  of  the  rotor  has  as  previously  pointed 
out,  in  many  cases  unfavorable  effects  upon  the  system  and  the 
control  apparatus,  it  has  at  least  the  advantage  that  both  during 
starting  and  after  the  change-over  with  the  rotor  field  previously 
reduced  to  zero,  the  torque  of  the  motor  picks  up  gradually 
because  torque  is  impossible  without  a  secondary  field.  Any 
harmful  effects  which  might  be  caused  by  too  sudden  picking  up 
of  the  torque  are,  therefore,  avoided. 

In  v.'ew  of  the  fact  that  with  a  short-circuited  rotor  certain 
large  peak  current  conditions  cannot  altogether  be  avoided,  even 
if  the  rotor  flux  is  zero  to  start  in  with,  it  is  evident  that  control 
apparatus,  as  well  as  all  other  parts  of  the  system  must  be  de- 
signed to  stand  these  peak  currents.  It  is  also*  evident  that  the 
reclosing  of  the  circuit  before  the  rotor  flux  has  died  out  should 
be  avoided  in  control  arrangements  for  large  squirrel-cage 
motors,  because  under  certain  conditions  this  is  not  only  liable 
to  give  current  peaks  much  larger  than  otherwise  obtained  but 
also  liable  to  give  under  slightly  different  conditions  a  too  sudden 
picking  up  of  large  torques,  which  may  result  in  damage  to  the 
motor  and  the  driven  machinery.  When  starting  a  motor  at 
reduced  voltage,  a  closed  circuit  transition  to  the  full-voltage 
tap  by  means  of  preventive  resistances  or  inductances  is,  of 
course,  the  safest,  especially  in  the  case  of  large  motors. 

In  the  case  of  wound-secondary  motors,  current  peaks  can 
best  be  reduced  by  always  introducing  a  resistance  into  *the 
secondary  before  closing  or  reclosing  the  primary  circuits. 

In  case  of  the  control  of  induction  apparatus  for  railway  work, 
the  damping  effect  of  the  secondary  of  induction  apparatus  is  of 
special  importance.  It  may  happen  in  this  case,  for  instance, 
that  the  trolley  bounces,  interrupting  the  power  for  a  very 
small  interval  of  time,  leading  to  very  severe  rushes  of  current 
when  connections  are  reestablished.  In  some  experimental  tests 
conducted  on  a  large  induction  phase  converter,  explosive  arcing 
was  repeatedly  established.  In  actual  practise  arrangements 
are  made  to  introduce  temporarily  by  means  of  a  relay  an  indue- 
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tance  into  the  converter  circuit  upon  any  power  interruption,  so 
that  the  current  peaks  are  held  down  when  the  power  comes  on 
again  within  a  short  interval  of  time.  Another  relay  interrupts 
the  circuits  completely  if  the  power  stays  off  long  enough  to 
permit  an  appreciable  decrease  in  speed.  It  is  of  interest  in 
this  connection,  that  it  is  not  possible  to  employ  a  no- voltage 
relay  for  the  quick  acting  switch  introducing  the  inductance, 
because  the  induction  machine  does  not  lose  its  voltage  for 
sometime  after  the  power  interruption  as  previously  discussed; 
it  is,  therefore,  necessary  to  use  a  current  relay  in  the  single- 
phase  circuit.  The  fact  that  the  voltage  is  maintained  sometime 
after  the  interruption,  is  used,  however,  to  good  advantage  for 
operating  the  switches  interrupting  the  circuit  completely  after 
a  certain  interval  of  time,  by  means  of  a  voltage  relay  connected 
across  the  induction  machine,  which  drops  out  about  5  to  10 
seconds  after  the  power  interruption. 

There  is  another  case  that  should  be  considered  in  connection 
with  the  effect  of  the  short-circuited  rotor  in  maintaining  the 
flux  and  motor  voltages  for  a  certain  interval  of  time,  after  the 
primary  has  been  disconnected.  Certain  switching  arrangements 
are  sometimes  used,  to  change  from  high-speed  to  low-speed 
connections,  for  instance,  that  are  not  designed  to  operate  under 
.current  and  voltage.  Care  should  be  taken  that  none  of  the 
secondary  motor  circuits  are  interrupted  by  such  switch  arrange- 
ments, even  after  the  primary  current  interruption,  until  the 
secondary  damping  currents  have  died  out. 

OVER-VOLTAGES  WITH  OPEN-ClRCUIT  SECONDARIES 

Another  subject  related  to  transient  conditions  in  the  machine 
which  is  worth  while  considering  is  that  of  over-voltages  which 
may  be  caused  by  improper  control  arrangements  and  result  in 
insulation  breakdowns  in  the  motor  and  in  the  control. 

Let  us  consider  the  case  of  a  wound  secondary  motor  with  the 
control  arranged  to  break,  first,  the  secondary  circuit  and  sub- 
sequently the  primary  circuit.  In  this  case  the  primary 
switches  break  nothing  but  the  magnetizing  current.  The  nat- 
ural tendency  of  the  a-c.  arc  is  of  course  to  rupture  when  the 
current  has  reached  zero  value,  or  thereabout,  following  the 
regular  sine  curve.  Since  with  open-secondary  circuit  the  flux 
is  about  proportional  to  the  primary  current,  it  may  be  assumed 
that  the  flux  at  the  time  of  current  interruption  is  zero.  If  this 
is  the  case,  no  further  change  of  flux  has  to  take  place  and  no 
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over-voltages  would  be  liable  to  occur.  It  has  been  found,  how- 
ever, by  tests  that  the  cooling  effect  of  the  oil  or  air  upon  the 
interrupting  arc  makes  the  current  value  of  the  last  half  cycle 
die  out  quicker  in  line  with  a  curve  A,  Fig.  10,  instead  of  in 
line  with  the  regular  sine  curv#  B.  Assuming  that  the  flux 
follows  the  same  curve,  we  obtain  voltage  values  as  indicated  by 
curve  C  instead  of  those  shown  by  D  corresponding  to  a  sine 
flux  curve.  It  will  be  seen  that  under  the  assumptions  made  an 
over-voltage  of  four  times  the  normal  crest  voltage  is  obtained. 
These  voltage  surges  when  obtained  in  practise  are  of  such  short 
duration  that  their  full  amplitude  cannot  be  measured  by  the 


Fig.  12 


Fig.  10  Fig.  11 


standard  oscillograph  tests;  voltages  up  to  four  times  normal 
voltage  have,  however,  been  shown  by  spark-gap  tests. 

OVER-VOLTAGES  WITH  CLOSED-ClRCUIT  SECONDARIES 

Since,  as  previously  pointed  out,  the  short-circuited  secondary 
has  a  tendency  of  preventing  any  sudden  changes  in  flux,  the 
idea  naturally  suggests  itself  to  open  the  primary  circuit  with 
the  secondary  short-circuited,  thereby  avoiding  sudden  dying 
out  of  the  fluxes  and  over  voltages.  This  is  an  excellent  remedy 
as  long  as  the  rotor  fluxes  and  stator  fluxes  are  practically  iden- 
tical, as  for  instance,  at  no  load  and  light  loads  where  the  leakage 
fluxes  are  practically  negligible,  as  compared  to  the  main  flux 
common  to  both  stator  and  the  rotor. 
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With  heavy  overloads,  cases  are,  however,  possible  where 
short-circuited  rotors  are  not  altogether  a  safe  remedy  against 
over-voltages  because  the  leakage  fluxes  may  be  relatively  large 
enough  to  cause  trouble  in  spite  of  the  favorable  damping  effect 
of  the  rotor.  This  may  be  drfhonstrated  by  Figs.  11  and  12. 
An  induction  motor  is  in  all  respects  very  similar  to  a  trans- 
former except  that  the  leakage  fluxes  form  a  larger  percentage 
of  the  total  fluxes.  For  the  purpose  of  demonstration  Fig.  11 
shows,  therefore,  a  transformer  with  the  mutual  flux  Fn,  the 
primary  leakage  flux  Fpi  and  the  secondary  leakage  flux  Fti.  If 
now  the  secondary  winding  is  short-circuited  and  the  primary 
interrupted,  the  damping  effect  of  the  secondary  winding  will 
tend  to  maintain  constant  the  flux  interlinking  with  the  second- 
ary winding.  On  the  other  hand,  it  is  evident  that  the  primary 
leakage  flux  Fpi  will  die  out  as  soon  as  the  circuit  is  interrupted. 
Not  only  that  but  by  far  the  largest  amount  of  the  secondary 
leakage  flux  will  choose  the  easiest  path  through  the  primary 
winding,  there  being  no  more  counteracting  ampere  turns  flowing 
in  the  primary  winding  and  the  path  through  the  main  iron 
being  of  exceedingly  small  reluctance  as  compared  with  the  re- 
luctance of  the  leakage  path.  It  is  obvious,  therefore,  that  upon 
interruption  of  the  primary  current  we  will  not  only  have  the 
primary  leakage  flux  disappear  suddenly  but  add  the  secondary 
leakage  flux  which  is  practically  of  opposite  direction  to  the 
mutual  flux  in  the  primary  coil.  The  total  flux  change  in  the 
primary  winding  is  therefore  about  equivalent  to  the  total  leak- 
age and  while  this  amount  is  only  a  part  of  the  total  flux,  the 
change  being  opposed  only  by  eddy  losses,  etc.,  in  the  iron  takes 
place  so  quickly,  that  voltages  of  pretty  high  amplitude  may  be 
induced. 

The  change  in  flux  is  further  demonstrated  by  the  vector 
diagram  of  Fig.  12.  The  vector  Ep  may  be  the  impressed  pri- 
mary voltage  and  Ip  the  primary  current  lagging  by  a  certain 
angle.  The  primary  current  sets  up,  of  course,  a  leakage  field 
in  phase  with  the  current  which  may  be  represented  by  the  vector 
Fpi.  This  vector  induces  a  reactance  voltage  Es  which  must  be 
subtracted  from  the  impressed  voltage  Ep  to  give  the  voltage  Em 
induced  by  the  mutual  flux.  The  vector  Fm  shifted  90  deg. 
against  this  voltage  represents  the  mutual  flux.  By  combining 
this  flux  with  Fpi  we  obtain  the  total  primary  flux  Fp.  The 
resultant  magnetizing  current  Im  is,  of  course,  in  phase  with  the 
mutual  flux  and  the  resultant  of  the  primary  current  Ip  '.and  the 
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secondary  current  The  secondary  current  I9  sets  up  the 
secondary  leakage  flux  F,t  which  combined  with  Fm  gives  the 
total  secondary  flux  Ft.  If  the  primary  circuit  is  now  inter- 
rupted and  if  it  is  assumed  for  the  moment  that  the  damping 
effect  maintains  the  secondary  flux  absolutely  constant,  and  if 
we  further  assume  that  practically  all  of  that  flux  swings  into 
the  primary  winding,  we  see  that  the  primary  flux  suddenly  has 
to  change  from  the  value  Fp  to  the  value  F$.  This  is  equivalent 
to  the  sudden  addition  of  a  flux  vector  Fa  to  the  vector  Fp  to 
give  the  vector  F9.  While  this  flux  Fa  which  has  to  be  added 
suddenly  is  smaller  than  the  primary  flux,  the  rate  of  change  is 


u 


Fig.  13 


so  much  quicker  that  voltages  in  excess  of  the  normal  primary 
voltage  may  be  induced  in  the  stator. 

The  case  shown  in  Fig.  12  is,  of  course,  extreme,  if  a  normal 
load  is  considered,  but  the  relative  sizes  as  shown  may  very 
easily  obtain  in  standard  motors  with  heavy  overloads. 

While  the  bad  influence  of  leakage  fluxes  exists  only  with 
severe  overloads,  such  a  case  is  nevertheless  of  practical  impor- 
tance in  so  far  as  it  is  just  in  connection  with  heavy  overloads 
that  the  primary  circuit  is  frequently  interrupted  by  overload 
circuit  breakers  while  the  motor  is  pulling  out  and  nearing  stand- 
still conditions.  Fig.  13  shows  a  diagram  of  the  vector  relation 
applying  to  such  a  case  and  demonstrates  plainly  that  the  sudden 
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flux  changes  taking  place  in  this  case  may  closely  approach 
values  equivalent  to  the  total  primary  flux. 

Most  of  the  oscillograms  previously  referred  to  plainly  indi- 
cate the  sudden  phase  shift  of  the  stator  flux  when  the  power  is 
interrupted,  see  for  instance,  Figs.  4f  5,  6  and  7. 

As  previously  mentioned,  it  is  not  possible  to  show  the  full 
extent  of  the  voltage  surges  by  oscillograph  test.  Some  indi- 
cation of  them  is  shown,  however,  in  Figs.  14  and  15,  which  were 
taken  at  standstill  when  the  leakage  fluxes  have  their  maximum 
value  while  the  mutual  flux  is  relatively  small.  The  oscillograms 
show  in  this  case  over-voltages  up  to  70  per  cent  above  the  crest 
value  of  the  normal  voltage. 

In  view  of  this,  it  would  seem  advisable  in  case  of  large  high- 
voltage  squirrel-cage  motors  to  use  circuit  breakers  which  inter- 
rupt the  current  in  two  or  more  steps  by  introducing  resistance 
or  inductance  into  circuit  before  the  final  break  is  made.  In 
case  of  wound-secondary  motors  it  is  good  practise  to  introduce 
part  or  all  of  the  starting  resistance  into  the  circuit  before  break- 
ing the  primary  circuit.  This  will  temporarily  reduce  the  load 
of  the  machine,  because  the  motor  speed  cannot  drop  quickly 
enough  on  account  of  the  rotor  inertia,  to  give  at^once  heavy 
torques  with  the  increased  resistance.  Therefore,  the  load  cur- 
rents and  with  them  the  leakage  fluxes,  are  temporarily  reduced 
to  a  minimum  value,  and  if  the  primary  circuit  is  opened  before 
the  rotor  speed  has  dropped,  we  have  the  favorable  damping 
effect  of  the  closed  rotor  circuit  to  a  certain  extent,  without  the 
unfavorable  effect  of  large  leakage  fluxes. 

Voltages  up  to  double  the  normal  peak  voltage  have  been 
tested  with  the  spark  gap  and  appreciably  higher  voltages  seem 
to  be  quite  likely  in  certain  cases. 

The  condition  just  described  with  short-circuited  rotors  is 
most  likely  to  occur  in  machines  with  relatively  large  leakage 
fluxes,  that  is,  principally  in  low-speed  machines  with  a  large 
number  of  poles.  Such  machines  have  not  only  relatively  large 
leakage  fluxes,  but  they  are  also  most  likely  to  pull  out  under 
heavy  overloads,  since  they  usually  have  rather  small  pull-out 
torques. 

It  appears  further  from  the  previous  considerations,  that  over- 
voltages  are  liable  to  occur  if  a  motor  with  short-circuited  rotor 
is  started  by  closing  the  primary  switches,  and  if  these  switches 
are  opened  again,  before  the  motor  has  assumed  normal  speed 
and  load  conditions.    The  reopening  of  starting  switches  before 
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the  motor  has  speeded  up  should,  therefore,  be  avoided  and  the 
switches  should  be  designed  to  be  positive  in  their  action  and  to 
make  bouncing  impossible. 

OVER-VOLTAGES  WITH  OVER-SYNCHRONOUS  SPEEDS 

Another  instance  in  which  over-voltages  in  the  rotor  circuit  of 
wound-secondary  motors  have  been  experienced,  is  in  the  case 


Fig.  16  a 

A — Flux  Interlinking  with  Secondary  Coil — Single-phase  Primary 
B — Flux  Interlinking  with  Secondary  Coil — Polyphase  Primary 

of  two-speed  motors  when  the  primary  connections  for  the  low 
speeds  were  established  while  the  motor  was  still  running  at 
high  speed.  In  closing  the  primary  circuit,  two  contacts  will 
always  close  first,  in  view  of  the  practical  impossibility  of  closing 


Fig.  16  b 

C — Voltage  in  Secondary  with  Single-phase  Primary 
D — Voltage  in  Secondary  with  Polyphase  Primary 

all  contacts  simultaneously.  The  motor  is,  therefore,  tempo- 
rarily running  with  single-phase  stator  excitation  and  double 
synchronous  speed.  It  may  be  shown  by  a  simple  calculation 
that  the  flux  in  the  secondary  coils  assumes,  in  this  case,  a 
shape  similar  to  those  shown  in  Figs.  16a  and  16b,  and 
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17a  and  17b,  depending  upon  the  phase  position  of  the 
coils,  and  that  voltages  as  shown  in  the  same  figures 
may  be  induced  in  the  secondary  coils.  The  dotted  sine 
curves  of  the  same  figures  show  the  double-speed  secondary 


Fig.  17  a 

A — Flux  Interlinking  with  Secondary  Coil — Single-phase  Primary 
B — Flux  Interlinking  with  Secondary  Coil — Polyphase  Primary 

voltage  induced  by  the  polyphase  field  which  is,  of  course,  the 
same  voltage  as  at  standstill  for  which  the  insulation  of  the  sec- 
ondary circuits  is  usually  designed.  In  other  words,  we  obtain 
secondary  voltages  about  twice  as  large  as  the  normal  voltage 


Fig.  17  b 

C — Voltage  in  Secondary  with  Single-phase  Primary 
D — Voltage  in  Secondary  with  Polyphase  Primary 

and  it  is  either  necessary  to  design  the  motors  and  control  for 
this  higher  voltage  or  to  avoid  it  by  making  arrangements  so  that 
the  secondary  is  closed  before  the  primary,  which  will,  on  account 
of  the  damping  effect  of  the  secondary,  reduce  the  rate  of  change 
of  the  fluxes  in  the  secondary  coils  and  thereby  the  maximum 
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secondary  voltages.  Over-voltages  are  not  only  possible  during 
the  short  period  of  single-phase  excitation,  but  also  exist  at  the 
moment  when  the  third  contact  of  a  three-phase  motor  is  closed, 
because  this  calls  for  sudden  re-arrangement  of  the  fluxes  which 
may  induce  high  voltage  in  the  secondary.  The  voltage  in  the 
primary  is,  of  course,  always  limited  by  the  line  voltage  as  soon 
as  the  primary  switches  are  closed. 

Conclusions 

Other  cases  where  transient  conditions  of  induction  machines 
are  of  practical  importance  with  regard  to  the  design  of  control 
arrangements  might  be  cited,  but  it  is  considered  that  the  dis- 
cussion of  the  previous  examples  is  sufficient  to  explain  certain 
difficulties  which  have  been  experienced  in  practise  and  what 
points  have  to  be  watched  in  the  design  of  the  control,  either  in 
order  to  avoid  bad  effects  by  the  transient  conditions,  or  to  call 
upon  the  same  conditions  for  the  purpose  of  avoiding  certain 
other  difficulties.  As  has  been  repeatedly  pointed  out,  allow- 
ance should  be  made  in  this  connection  for  the  size  of  machine 
to  be  controlled,  its  inherent  characteristics,  and  the  like,  as 
it  is  possible  to  take  certain  risks  along  the  lines  discussed  in 
case  of  small  low-voltage  motors,  while  all  the  points  may  have 
to  be  considered  very  carefully  in  connection  with  other  motors, 
for  instance,  of  large  capacity  and  high-voltage  windings. 

While  practical  experiences  have  taught  both  control  and 
motor  designers,  relatively  early,  to  take  care  of  most  of  the 
conditions  pointed  out  in  this  paper,  it  is  believed  that  a  more 
detailed  study  of  the  conditions  to  be  met  will  lead  to  further 
improvements.  The  induction  motor  enjoys  the  just  reputation 
of  being  the  simplest  motor  requiring  the  least  attention  and 
maintenance  of  any  of  the  existing  motor  types,  and  there  is  no 
doubt  but  that  this  reputation  can  only  be  improved  if  all 
characteristics  of  the  motor  are  more  fully  understood  and  al- 
ways properly  taken  care  of  by  a  harmonious  combination  of 
motor  and  control  design. 


Presented  at  the  Fifth  Midwinter  Convention  of 
the  American  Institute  of  Electrical  Engineers, 
New  York,  February  t6,  1917. 
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PERFORMANCE  OF  POLYPHASE  INDUCTION  MOTORS, 
UNDER  UNBALANCED  SECONDARY  CONDITIONS 


BY  A.  A.  GAZDA 


Abstract  of  Paper 
Continuous  operation  of  the  wound-rotor  induction  motor, 
when  the  external  resistances  in  the  secondary  phases  are  not 
equal,  is  shown  to  be  feasible.  The  effect  upon  power  factor  and 
heating  is  discussed.  Curves  showing  the  performance  of  poly- 
phase motors  with  single-phase  secondary  are  presented.  The 
practical  advantages  of  using  unbalanced  secondary  connections 
are  pointed  out. 

TOURING  the  past  few  years,  the  electrical  engineer  has 
been  obliged  to  utilize  every  possible  expedient  in  order 
to  meet  the  demand  for  control  apparatus  having  the  fewest 
number  of  parts,  and  simplest  connections.  It  was  with  this 
thought,  that  the  following  study  of  the  operation  of  the  poly- 
phase induction  motor,  with  unbalanced  secondary,  was  made. 
No  attempt  will  be  made  to  present  a  complete  mathematical 
discussion  of  all  the  phenomena  taking  place,  but  rather,  to  give 
a  simple  explanation  of  the  effect  upon  the  various  characteris- 
tics, and  show  the  feasibility  of  continuous  operation  when  the 
secondary  resistance  is  not  equal  in  all  phases. 

In  order  to  make  the  investigation  thoroughly  practical, 
a  series  of  tests  was  made,  to  cover  the  following  points: 

1.  The  comparative  heating  of  various  motors  when  operated 
at  a  constant-torque  load,  with  (a)  balanced  secondary,  (b) 
unbalanced  secondary,  (c)  single-phase  secondary. 

2.  The  effect  upon  primary  and  secondary  current,  power 
factor  and  torque,  when  the  secondary  is  unbalanced. 

3.  The  operating  characteristics  of  a  polyphase  induction 
motor,  with  single-phase  secondary. 

The  usual  method  of  obtaining  speed  control  of  induction 
motors  is  to  vary  the  secondary  resistance.  .This  may  be  done 
internally  in  various  ways,  but  the  more  common  practise  is  to 
use  a  phase-wound  secondary  with  slip  rings,  whereby  external 
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resistance  may  be  inserted  in  the  rotor  circuit.  This  external 
resistance  may  be  short-circuited  in  several  steps  by  means  of  a 
controller,  shown  schematically  in  Fig.  1  a. 

Referring  to  Fig.  1  b,  it  is  evident  that,  although  six  switches 
are  used,  the  resistance  will  be  balanced  on  only  three  points, 
viz.,  No's  1,  4  and  7. 

It  has  frequently  been  suggested  that  the  unbalanced  points 
be  used  for  continuous  running,  but  the  objections  were  im- 
mediately raised  that  the  secondary  currents  would  be  greatly 
unbalanced,  and  the  heating  increased  to  a  prohibitive  degree. 
This  view  seems  logical  at  first  glance,  but  further  analysis 
shows  that  it  is  not  justifiable,  as  there  are  several  other  factors 
to  be  taken  into  consideration.   These  will  be  discussed  in  turn. 

I.  The  unbalancing  of  the  secondary  currents  is  not  as 
great  as  the  unbalancing  of  resistance  would  indicate.  Some 
vector  diagrams,  showing  typical  conditions,  will-make  this 
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Fig.  1  b — Sequence  of  Switches 


clear.  Take  first  the  case  in  which  a  part  of  the  resistance  in  one 
phase  is  short-circuited.  (See  Fig.  2).  For  the  sake  of  sim- 
plicity, we  will  neglect  the  inductance  and  resistance  of  the 
secondary  winding.  The  former  would  distort  the  diagram  in 
such  a  way  as  to  give  a  slightly  greater  difference  between  the 
low  current  and  high  current,  while  the  latter  merely  adds  a  con- 
stant value  to  all  phases  which  tends  to  balance  the  currents. 
It  is  seen  that,  although  the  resistance  in  one  phase  is  only 
one-half  the  value  in  the  other  two,  the  difference  between  the 
maximum  and  minimum  current  is  only  30  per  cent.  This  does 
not  mean  that  the  one  phase  will  carry  an  overload  of  30  per 
cent.,  because,  under  balanced  conditions,  full-load  current 
would  take  some  intermediate  value. 

Fig.  3  is  similar  to  Fig.  2,  except  that  now  two  legs  have  low 
resistance,  and  one  high.  In  this  case,  the  ratio  of  maximum 
to  minimum  current  is  greater  than  before.  Notwithstanding 
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this,  the  per  cent  above  normal  full-lo&d  current  is  less  than  in 
Fig.  2,  because  two  phases  are  carrying  the  high  current.  An- 
other way  of  looking  at  this  is  to  say  that  in  all  cases,  the  cur- 
rents adjust  themselves  so  that  the  average  r.m.s.  value  of  the 
three  currents  is  approximately  equal  to  the  normal  balanced 
full-load  current.   In  Pig.  2,  the  normal  balanced  current  would 


Fig.  2  a  Fig.  2  b 


be  111  amperes,  and  the  overload  in  the  maximum  phase  17.1  per 
cent.  In  Fig.  3,  the  normal  balanced  current  would  be  135 
amperes  and  the  overload  11.1  per  cent. 

II.  The  unbalanced  secondary  currents  react  upon  the 
primary  in  such  a  way  as  to  draw  a  current  from  the  line  at  a 
frequency  which  is  lower  than  normal  line  frequency.  This 


Fig.  3  a  Fig.  3  b 


phenomenon  is  caused  by  the  single-phase  component  of  the 
secondary  field,  the  effect  of  which,  in  the  extreme  case  of 
infinite  resistance  in  one  phase,  has  been  explained  by  Mr.  B.  G. 
Lamme.1  Fig.  4  is  an  oscillogram,  showing  this  action  in  the  case 
of  a  polyphase  motor  with  a  single-phase  secondary,  the  motor 
running  at  half  speed  under  this  condition.   Fig.  5  shows  the 

1.  Electric  Journal,  Vol.  XIII,  page  394. 
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corresponding  action  when  the  secondary  resistance  is  unbal- 
anced. 

The  magnitude  of  this  low-frequency  current  ranges  from 
10  to  30  per  cent  of  the  reactive  component  of  full-load  primary 
current,  but  it  does  not  materially  affect  the  primary  line  current, 
or  the  power  factor  of  the  motor.  In  the  first  place,  any  cur- 
rents having  a  frequency  different  from  that  of  the  line  voltage, 
are  reactive,  i.e.,  they  draw  no  power  from  the  line2.  Secondly, 
currents  of  different  frequencies  cannot  be  combined  alge- 
braically. 

It  was  shown  by  Bedell  and  Tuttle,8  that  in  such  a  case,  in 
order  to  give  a  vectorial  representation,  the  third  dimension 
must  be  used.  Referring  to  Fig.  6,  E  represents  line  voltage  and 


Iu  the  current  that  would  flow  if  no  harmonics  were  pres- 
ent, h  then,  is  the  power  component,  and  Mu  the  mag- 
netizing, or  reactive  component.  The  low-frequency  current, 
due  to  the  unbalanced  rotor,  may  now  be  represented  by  M2  at 
right  angles  to  both  E  and  Mi,  while  the  resultant  magnetizing 
current  will  be  V  Mi2  +  M22  or  M3.  Finally,  the  resultant 
current  drawn  from  the  line  is  V I22  +  Mz2  or  Iz.  Com- 
bining the  two  previous  statements,  it  is  seen  that  Iz  = 


E 


Fig.  6 


2.  This  follows 


vanishes 


except  for  the  case  where  m  =  n. 

3.  Trans.  A.  I.  E.  E.,  1906.,    Vol.  XXV.,  page  685. 
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+  Mi2  +  M22.  Hence,  if  M2  is  as  high  as  30  per  cent  of 
Mi,  Mz  will  be  only  4.5  per  cent  greater  than  Mu  which  means 
that  the  increase  in  the  reactive  component,  due  to  unbalancing, 
will  not  exceed  5  per  cent.  Assuming  that  a  motor  runs  normally 
at  a  power  factor  of  80  per  cent,  unbalancing  the  rotor  resistance 
will  decrease  this  value  to  78.6  per  cent.  On  the  other  hand, 
the  increase  in  line  current  will  be  1.5  per  cent  under  the  same 
condition,  and  hence,  primary  copper  heating  will  be  3  per  cent 
greater  than  under  balanced  conditions.  Since  the  primary 
draws  just  sufficient  low-frequency  magnetizing  current  to 
compensate  for  the  pulsating  action  of  the  secondary,  the  flux 
conditions  remain  the  same  as  in  the  case  of  a  balanced  rotor, 
and  the  iron  losses  are  not  changed. 

III.  The  rating  of  a  variable  speed  motor  depends  upon 
the  heating  at  the  lowest  running  speed,  because  ventilation  is 
poorest  at  this  speed.  Since  the  fan  action  of  the  rotor  varies 
approximately  as  the  square  of  the  speed,  the  least  ventilation 
will  occur  on  the  first  notch  of  the  controller,  which,  in  com- 
mercial practise,  usually  connects  all  the  external  resistance 
to  the  secondary  circuit,  in  a  balanced  arrangement.  Even 
though  succeeding  steps  cut  out  the  resistance  in  such  a  way 
that  unbalanced  conditions  are  obtained,  the  ventilation  is 
improved  so  much  by  the  higher  speed,  that  the  motor  will 
dissipate  considerably  more  heat,  with  the  same  temperature 
rise,  and  the  rating  is  not  diminished  by  the  slightly  increased 
losses. 

IV.  As  was  pointed  out  in  Part  I,  the  currents  will  not  be 
the  same  in  all  phases  of  the  secondary.  However,  it  is  not 
correct  to  assume  that  the  rating  will  be  limited  by  the  maximum 
current  in  any  phase.  Experience  shows  that  in  any  rotating 
apparatus  carrying  unbalanced  load,  the  heating,  broadly 
speaking,  will  be  proportional  to  the  sum  of  the  squares  of  the 
various  currents  (If  +  I22  +  I*2)-  This  is  particularly  true  of 
rotor  windings.  The  design  limitations  will  have  a  bearing  on 
this  factor;  for  instance,  if  the  coils  are  heavily  wrapped  with 
insulation,  localized  heating  may  take  place.  This  rarely  occurs, 
because  the  designer  may  choose  comparatively  low  voltage  for 
the  secondary,  since  it  is  independent  of  power  supply.  Further- 
more, modern  mica-insulated  coils  conduct  the  heat  out  of  the 
copper  very  readily. 

V.  A  large  number  of  tests  were  made  on  motors  of  various 
sizes,  speeds,  etc.,  to  check  the  foregoing  conclusions.    In  the 
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load  runs,  particular  attention  was  paid  to  the  rotor  copper, 
to  detect  any  temperature  rises  greater  than  normal.  The 
uniform  heating  of  the  rotor  was  demonstrated  by  both  ther- 
mometer and  resistance  readings.  The  total  secondary  copper 
loss  was  found  to  run  5  to  10  per  cent  higher  under  unbalanced 
than  under  balanced  conditions.  This  bears  out  the  statement 
that  Ii*  +  I**  +  Is1  =  3  J,,2,  where  Ii,  It  and  I*  represent  the 
unbalanced  currents,  while  In  is  the  normal  balanced  current. 
(See  Table  I.)  In  a  series  of  load  runs  with  constant  torque, 
using  a  controller  which  gave  unbalanced  points,  it  was  found 
that  the  temperature  rise,  with  the  first  one  or  two  steps  of 
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pound  -  feet  torque 

7 — Forty-h.p.,  Three-Phase,  60-Cycle,  220-Volt,  8-Polb 
Induction  Motor — Single-Phase  Rotor 

1 —  Speed — torque — 1.6  ohms  resistance  in  one  phase  of  rotor 

2 —  Primary  amperes — torque — 1.6  ohms  resistance  in  one  phase  of  rotor 

3 —  Speed — torque — 0.8  ohms  resistance  in  one  phase  of  rotor 

4 —  Primary  amperes — torque — 0.8  ohms  resistance  in  one  phase  of  rotor 

5 —  Speed — torque — "one  phase  of  rotor  short-circuited 

6 —  Primary  amperes — torque — one  phase  of  rotor  short-circuited 

7 —  Primary  amperes — torque — three  phases  of  rotor  short-circuited 


resistance  cut  out,  was  the  same  as  on  the  first  balanced  point, 
while  at  still  higher  speeds,  the  rise  was  less,  even  though  the 
secondary  was  unbalanced.  Test  fully  justified  the  statements 
made  in  Part  II,  in  regard  to  primary  current  and  power  factor. 
Very  accurate  readings  had  to  be  taken  in  order  to  check  the 
small  increase  in  current.  Although  it  was  found  that  the  degree 
of  unbalancing  had  some  effect  on  the  operation  of  the  motor, 
nevertheless,  with  the  unbalancing  that  is  common  in  standard 
commercial  controllers,  the  operating  characteristics  are  well 
within  the  limits  stated  previously.  The  per  cent  of  no-load 
magnetizing  current  in  terms  of  full-load  current,  had  a  distinct 
influence  upon  the  increase  in  primary  and  secondary  currents. 
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In  general,  the  motors  with  small  no-load  magnetizing  current, 
showed  the  best  performance. 

Tests  were  made  to  observe  the  operation  of  polyphase 
motors  running  with  single-phase  secondary.  Under  these 
conditions,  the  starting  torque  was  found  to  be  about  60  per  cent 
of  the  torque  with  balanced  conditions,  the  current  in  the 
secondary  winding  being  the  same  in  each  case.  With  this  con- 
nection, an  economical  method  of  continuous  operation  at  half 
speed  is  obtained.  An  important  advantage  of  this  method  is 
that  a  stable  speed  is  maintained,  independent  of  the  load. 
This  would  mean  a  great  saving  in  resistors,  particularly  where 
half  speed  is  desired  at  reduced  torque,  as  in  fan  or  centrifugal 
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Fig.  8  a — Torque  Characteristics  of  50-h.  p.,  Three-Phase,  60- 
Cycle,  220- Volt,  6-Pole  Induction  Motor 

Curve  1 — Speed — torque — short-circuited  rotor 

Curve  2 — Speed — torque — balanced  secondary  resistance 

Curve  3 — Speed — torque — single-phase  rotor 

pump  application.  The  no-load  magnetizing  current  is  a  very 
important  factor  in  this  case,  and  must  be  taken  into  account. 
For»example,  small  low-speed  motors  may  draw  excessive  cur- 
rents with  one  phase  of  the  secondary  short-circuited,  or  if  too 
much  external  resistance  is  inserted  in  the  single-phase  secondary, 
a  stable  condition  will  not  be  obtained  at  half  speed.  Fig.  7 
shows  the  torque  and  current  characteristics  of  a  40-h.p.,  3- 
phase,  60-cycle,  8-pole,  220-volt  induction  motor,  with  wound 
secondary,  when  one  phase  of  the  secondary  is  open-circuited. 
These  curves  are  plotted  from  test  results,  and  perhaps  are  the 
first  to  show  the  effect  of  secondary  resistance,  under  the  given 
conditions.  At  no  load  the  primary  magnetizing  current  is 
Aooroximately  twice  the  amount  required  under  normal  bal- 
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anced  conditions,  but  as  the  load  increases,  an  apparent  paradox 
takes  place,  in.  that  the  line  current  decreases  to  a  certain  mini- 
mum value  before  any  increase  takes  place. 

Curves  in  Fig.  8a  and  8b  show  comparative  characteristics 
of  a  50-h.p.  motor,  (1)  when  operating  with  single-phase  secon- 
dary, (2)  when  operating  with  3-phase  balanced  resistance,  to 
give  half  speed  at  full-load  torque.  The  reduced  power  factor 
under  the  single-ph^se  secondary  condition  is  due  to  the  great 
decrease  in  power  drawn  from  the  line,  while  the  reactive  com- 


200 


80  160 


20  40 


o.5 

o.2 

o.6- 

o.4 

A 

/* 

0.5— 

100  200  300 

POUND- FEET  TORQUE 


400 


Fig.  8  b — Torque  Characteristics  of  50-h.p.,  Three-Phase,  60- 
Cycle,  220- Volt,  6-Pole  Induction  Motor 

Curve  1 — Input — torque — single-phase  rotor 

Curve  2 — Primary  amperes — torque — ■single-phase  rotor 

Curve* 3 — Power  factor — torque— single-phase  rotor 

Curve  4 — Input — torque — polyphase  rotor 

Curve  5 — Primary  amperes — torque — polyphase  rotor 

Curve  6 — Power  factor — torque — polyphase  rotor 


ponent  remains  practically  constant.  Note  that  at  full-load 
torque,  the  power  input  required  is  reduced  almost  50  per  cent. 
These  curves  show  that  it  is  quite  possible  to  obtain  a  half-speed 
running  point  by  this  method. 

Conclusion 

The  practical  significance  of  this  investigation  may  be  sum- 
marized as  follows: 

1.  With  the  proper  design  of  resistor  steps,  it  is  safe  practise 
to  operate  polyphase  induction  motors  at  full-load  torque,  with 
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unbalanced  secondary  resistance.  Under  these  conditions,  the 
power  factor  will  be  slightly  reduced,  but  the  increased  copper 
loss  will  be  amply  compensated  for  by  the  better  ventilation 
of  the  motor  at  the  higher  speeds. 

2.  A  limited  range  of  motors  which  have  a  low  percentage 
of  magnetizing  current,  may  be  operated  under  full-load  torque 
at  half  speed,  with  single-phase  secondary,  while  practically 
any  motor  may  be  operated  under  these  conditions  when  con- 
nected to  a  variable  torque  load,  such  as  blowers,  centrifugal 
pumps,  etc. 

By  taking  advantage  of  the  principles  brought  out  in  this 
paper,  it  will  be  possible  to  obtain  much  simpler  control  appara- 
tus than  has  been  common  in  the  past.  Control  schemes,  includ- 
ing single-pole  resistance  switches,  may  be  used,  which  will 
result  in  fewer  parts  to  maintain,  less  control  wiring,  and  smaller 
size  controller.  The  amount  of  resistance  may  be  reduced,  and 
floor  space  saved. 


1917] 


DISCUSSION  AT  NEW  YORK 


349 


Discussion  on  "Transient  Conditions  in  Asynchronous 
Induction  Machines  and  Their  Relation  to  Control" 
(Hellmund)  and  "Performance  of  Polyphase  Induc- 
tion Motors  Under  Unbalanced  Secondary  Condi- 
tions" (Gazda),  New  York,  February  16,  1917. 

W.  B.  Kouwenhoven:  I  should  like  to  ask  Mr.  Gazda  to 
explain  the  operation  of  the  polyphase  induction  motor  with  a 
single-phase  secondary  at  half  speed.  The  paper  does  not  make  it 
clear  how  this  half -speed  characteristic  is  obtained  from  the  ordi- 
nary induction  motor.  I  have  known  of  cases  where  one  of  the 
secondary  windings  burned  out,  or  opened  circuited,  and  the 
machine  kept  on  running  at  full  speed. 

A.  A.  Gazda:  Let  curve  1,  Fig.  1,  represent  the  normal  speed- 
torque  curve  of  a  polyphase  wound-rotor  induction  motor.  If 
one  secondary  terminal  is  disconnected,  the  resultant  single- 


A 


Fig.  1 


phase  secondary  winding  sets  up  an  unbalanced  e.m.f.  that 
reacts  upon  the  primary  and  causes  the  current  to  flow  into  it 
through  the  circuit  completed  by  the  transformer  or  generators, 
to  which  the  motor  may  be  connected.  If  /  represents  the  line 
frequency  and  s  slip  frequency,  the  frequency  of  the  current, 
which  is  pumped  back  into  the  line,  will  be  2s  —  /.  It  is  evident 
that  at  half  speed,  this  frequency  and  therefore  the  current  will 
be  zero.  Below  that  point,  a  motor  action  will  take  place,  and 
above  a  generator  action.  Curve  2  shows  the  component  torque, 
as  set  up  by  the  action  of  the  single-phase  secondary.  The 
resultant  external  torque  of  the  motor  is  shown  in  Curve  3. 
The  motor  will  have  two  pull-out  points,  so  that  when  it  is 
operating  at  high  speed  under  this  condition,  it  will  carry  a  load 
which  will  approach  the  normal  pull-out  point  more  or  less 
closely,  depending  upon  the  characteristics  of  the  particular 


350 


INDUCTION  MOTORS 


[Feb.  16 


motor.  In  this  case,  the  secondary  windings  will  take  more 
current  than  in  the  normal  three-phase  motor  because  only  two- 
thirds  of  the  windings  are  working  and  it  will  give  about  60 
per  cent  starting  torque.  Line  A  of  Fig.  1  represents  the 
minimum  load  which  the  motor  will  hold  at  half  speed.  This 
line  may  coincide  with  zero  torque  or  it  may  not.  I  have  found 
with  some  motors  that  if  there  was  high  resistance  in  the  second- 
ary, this  would  not  come  back  to  zero;  that  is,  with  a  small  load, 
say  10  per  cent  of  full  load,  the  motor  would  go  right  through 
the  half-speed  point  and  run  at  full  speed,  but  in  the  case  of 
larger  motors,  stable  operation  will  be  obtained  at  half  speed 
from  zero  torque  to  some  pull-out  point  which  is  less  than  the 
normal  pull-out  point  of  the  motor  with  polyphase  secondary. 

R.  B.  Williamson:  There  is  one  feature  in  connection  with 
the  unbalanced  secondary  resistance  to  which  I  would  like  to 
call  attention.  In  case  a  motor  operates  on  the  same  circuit 
with  lights,  the  pulsations  caused  by  the  unbalanced  secondary 
currents  may  be  sufficient  to  cause  undesirable  fluctuations  in 
the  lights  due  to  periodic  variations  in  line  drop.  I  have  in 
mind  one  case  where  this  has  occurred  and  where  it  will  probably 
be  necessary  to  change  to  the  balanced  type  of  secondary 
resistance. 

H.  Maxwell:  It  has  long  been  the  practise  to  furnish  drum 
controllers  with  collector-ring  type  of  induction  motors  so  ar- 
ranged as  to  cut  out  the  steps  of  resistance  in  the  different 
phases  of  the  secondary  in  successive  order.  It  is  very  interesting 
to  have  results  of  actual  tests  and  mathematical  deductions 
therefrom,  which  prove  that  the  unbalancing  thus  produced 
does  not  materially  increase  the  heating  of  the  motor. 

Mr.  Gazda  mentions  the  possibility  of  utilizing  the  stable 
half -speed  which  can  be  obtained  with  a  low  resistance  single- 
phase  rotor.  There  is  one  very  serious  objection  to  operating 
an  ordinary  induction  motor  with  one  phase  of  the  rotor  open, 
which  should  be  pointed  out. 

An  operator  occasionally  switches  a  loaded  motor  on  or  off 
the  circuit  when  it  is  running  near  synchronous  speed,  and  as 
contact  is  not  made  simultaneously  in  all  phases  of  the  primary 
the  motor  frequently  operates  for  a  few  cycles  with  single-phase 
primary  circuit.  If  the  rotor  also  has  a  single-phase  secondary 
circuit  during  this  period,  a  very  high  voltage  is  induced  in  the 
open  phase  of  the  secondary. 

We  took  some  oscillograms  of  this  induced  voltage  a  few 
years  ago  on  a  10-pole,  60-cycle,  75-h.p.  motor  of  standard  de- 
sign, and  found  it  to  be  an  alternating  wave  of  approximate 
double-line  frequency  with  a  very  sharp  peak  in  one  direction 
reaching  a  maximum  value  seven  times  the  normal  standstill 
open-circuit  voltage  of  the  rotor. 

The  explanation  of  this  lies  in  the  fact  that  with  a  single- 
phase  primary  and  single-phase  secondary  there  are  certain 
positions  of  the  rotor  where  the  m.m.f.  of  the  load  currents  in 


1917] 


DISCUSSION  AT  NEW  YORK 


351 


the  primary  and  secondary  coils  do  not  directly  oppose  each 
other,  but  combine  to  produce  a  very  high  resultant  value  of 
m.m.f.  forcing  a  flux  sufficient  to  saturate  the  magnetic  circuit 
at  right  angles  to  the  main  flux.  This  peak  of  the  flux  is  enclosed 
by  the  open  phase  of  the  secondary  and  its  high  value  coupled 
with  the  double  frequency  of  the  secondary  produce  the  very 
high  induced  voltage. 

Campbell  Macmillan:  The  case  of  polyphase  motors  with 
single-phase  secondary  resistance  has  been  analyzed  by  Arnold 
in  his  book  on  induction  motors  (page  186).  The  formulas 
given  can  be  confirmed  by  tests  on  commercial  motors  within 
close  limits. 

The  torque  curve  when  plotted  against  slip  is  analogous  to 
the  curve  for  a  cascade-connected  set  consisting  of  two  similar 
motors.  It  consists  of  a  motor  portion  with  synchronous  con- 
ditions at  one-half  the  synchronous  speed  of  the  normal  motor. 
For  some  distance  above  half  speed  the  torque  is  negative  but 
changes  again  to  positive  before  reaching  full  synchronous  speed. 
By  inserting  a  large  resistance  in  the  third  phase  of  the  rotor 
and  gradually  reducing  it,  the  curve  is  transformed  by  the 
elimination  of  the  negative  torque  into  the  normal  curve  of  the 
motor  with  balanced  polyphase  rotor. 

Until  the  balanced  condition  is  approximately  attained  there 
is  a  dip  in  the  torque  curve  near  half  speed,  and  with  most  types 
of  load,  this  dip  will  cause  the  speed  to  be  unstable  in  the  region 
just  above  half  speed  and  with  certain  types  of  load,  hunting 
actually  occurs.  The  amount  of  unbalance  which  will  give 
rise  to  this  condition  for  any  given  type  of  driven  load  will 
depend  on  the  extent  to  which  the  iron  of  the  motor  is  saturated. 

The  cascade  characteristics  of  single-phase  rotor  operation  are 
indicated  in  the  following  figures  for  a  standard  6-pole,  25-h.p. 
motor. 

Single-phase  rotor 
Three-phase  rotor  operation  Ratio 

Current  running  light  at 

rated  e.m.f.  (220  volt) .  19.2  A  (1200  r.p.m.)     40.3  (600  r.p.m.)  2. 1 

Current  at  standstill  (220 
volts)  (tested  at  lower 
e.m.f.  and  assumed  pro- 
portional)  360  A  254  0.707 

Maximum   torque  (220 

volts)   326  lb.  at  1  ft.     282  lb.  at  1  ft.  0.866 

Slip  at  maximum  torque  22  per  cent  12.6  per  cent  0.573 

Starting  torque   160  lb. -at  1  ft.      160  lb.  at  1  ft.  1.00 

In  order  to  follow  the  operation  of  the  motor  with  single- 
phase  rotor  it  is  convenient  to  consider  the  single-phase  rotor 
current  as  equivalent  to  two  systems  of  balanced  polyphase 
currents  of  half  maximum  amplitude  rotating  in  opposite  direc- 
tions relatively  to  the  rotor.    One  of  these  locks  with  the  pri- 


352 


INDUCTION  MOTORS 


[Feb.  16 


mary  rotating  field,  the  other  acts  as  primary  system  for  which 
the  stator  short-circuited  through  the  supply  system  acts  as  a 
secondary  system  for  currents  of  all  frequencies  other  than  that 
of  the  generator.  These  currents  are  not  strictly  reactive 
although  they  draw  no  further  energy  from  the  line.  On  the 
contrary  by  the  absorption  of  energy  they  contribute  to  the 
torque  of  the  motor. 

A.  E.  Averrett:  A  short  time  ago  I  made  some  tests  similar 
to  those  Mr.  Gazda  has  outlined,  on  a  rather  small  motor,  a 
5-h.p.,  with  the  secondary  resistance  rather  high,  and  obtained 
some  rather  unusual  results.  The  three-phase  torque  was  about 
like  curve  A  Fig.  2.  The  single-phase  rotor  torque  started  a 
little  below,  ran  through  half  speed,  down,  and  came  back  like 
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curve  B  \  the  cascade  action  when  above  half  synchronous  speed 
seemed  to  take  out  a  portion  of  the  single-phase  torque.  It 
showed  140  lb.  for  the  three-phase,  130  lb.  for  the  single-phase, 
160  lb.  was  the  maximum,  and  300  lb.  negative  torque,  which 
is  very  unusual.  This  motor,  as  you  can  see  by  the  shape  of 
the  torque  curve,  was  of  rather  high  resistance.  We  used  to 
make  it  a  practise  in  our  testing  department  to  start  a  5-h.p. 
induction  slip-ring  motor  with  single-phase  secondary,  and  some- 
times they  would  run  to  speed  and  sometimes  would  not.  It  was 
almost  entirely  a  question  of  brush  contact  resistance.  In  a 
motor  of  perhaps  10  h.p.  the  carbon-brush  contact  resistance 
would  be  enough  to  eliminate  the  dip  but  in  a  motorjof  perhaps 
100  h.p.  we  could  not  reach  full  speed  unless  we  ran  all  three 
phases.    We  continued  this  test  by  adding  in  resistance  and 
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starting  at  a  lower  value  torque,  and  we  obtained  a  curve  that 
came  down  like  curve  C.  By  putting  in  secondary  resistance  to 
give  full-load  torque,  as  a  three-phase  motor,  or  half  full-load 
torque  single-phase  motor,  it  would  come  almost  to  a  straight 
line,  so  that  it  seems  to  be  safe  to  start  the  motor  at  half-load 
torque,  single-phase  secondary  and  run  it  up  to  speed;  that  is, 
it  would  be  safe  if  it  were  not  for  the  danger  that  Mr.  Maxwell 
speaks  of,  a  rise  in  secondary  potential,  but  for  small  motors 
that  would  not  be  serious, — for  motors  of  perhaps  20  h.p.to  30  h.p. 

R.  E.  Hellmund:  Mr.  Gazda  has  treated  in  his  paper  a 
subject  of  rather  marked  practical  importance,  namely,  the  use 

of  unbalanced  resistances  in  the  sec- 
ondary of  induction  motors,  and  has 
shown  that  the  unbalancing  of  the 
currents  is  not  appreciable  in  most 
cases.  He  has  given  two  specific 
cases  in  Figs.  2  and  3  of  his  paper, 
and  vector  diagrams  relating  thereto, 
Since  a  knowledge  of  the  unbalanced 
conditions  over  the  entire  range  used 
in  practise  may  be  of  interest,  I  have 
worked  out  a  simple  diagram  for  this 
purpose  and  a  curve  showing  the  re- 
sults obtained  therefrom. 
If  we  assume  that  the  primary  impressed  voltages  are  of  a 
true  polyphase  system  with  balanced  voltage  and  correct  phase 
relation,  it  follows  at  once  that  the  primary  field  must  be  a 
fairly  uniform  rotating  field  no  matter  what  happens  in  the 
secondary,  because  such  a  field  is  necessary  to  induce  the  proper 
counter  e.m.f.  in  the  primary.  It  is,  of  course,  further  assumed 
in  this  connection  that  the  ohmic  and  reactive  drops  in  the 
primary  are  small,  and  negligible.  Since  the  primary  fields 
must  be  fairly  uniform,  and  if  we  further  neglect  the  inductive 
effect  of  the  secondary,  it  is  at  once  evident  that  no  matter 
what  the  speed,  currents  and  resistances  of  the  secondary  are, 
we  will  always  induce  fairly  balanced  three-phase  voltages  in 
the  secondary.  The  voltages  between  phases  will,  therefore,  be 
represented  by  the  60  deg.  triangle  A  B  C  of  Fig.  3.  Since  in 
practically  all  control  systems  two  of  the  secondary  resistances 
are  balanced  while  the  third  resistance  may  be  different,  it  is 
at  once  evident  that  two  of  the  currents  and  two  of  the  voltage 
drops  in  the  reactances  are  alike.  The  neutral  point  of  the 
resistances  must,  therefore,  always  be  located  upon  the  perpen- 
dicular C  D  upon  one  of  the  sides  A  B  of  the  triangle.  If  we  assume 
any  point  0  on  this  perpendicular,  we  know  at  once  that  the 
lines  0  Ay  0  B  and  0  C,  must  represent  the  ohmic  drop  in  the 
resistances.  If  we  further  assume  any  current  73  in  the  one 
resistance,  we  know  at  once  that  the  sum  of  the  two  other  cur- 
rents combined  must  be  equal  and  opposite  to  this  current, 
that  is,  we  can  find  the  other  current  by  making  0  F  equal  to 
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one-half  of  0 1%  and  find  the  intersection  point  of  a  line  parallel 
to  A  B  through  F  and  the  lines  0  A  and  0  B.  Having  the  ohmic 
drops  and  the  currents,  it  is  easy  to  find  the  corresponding 
resistances  for  each  leg.  The  curve,  Fig.  4,  was  obtained  in 
in  this  manner  by  assuming  the  point  0  at  different  locations 
between  C  and  D.  The  curve  shows  that  for  the  usual  range  of 
unbalanced  resistances  the  increase  of  current  over  the  equiva- 
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lent  balanced  current  is  not  appreciable,  and  indicates  that  the 
increased  losses  are  in  most  cases  very  small,  as  pointed  out  in 
Mr.  Gazda's  paper.  It  should  not  be  overlooked  that  the 
figures  given  apply  only  if  the  ohmic  drops  are  relatively  large 
as  compared  with  the  reactive  drops,  so  that  the  reactive  drops 
can  be  neglected.  This  is  only  the  case  when  the  external 
resistance  is  appreciable  as  compared  with  inductance.  With 
the  external  resistance  approaching  zero,  conditions  are  essen- 
tially changed  from  those  given  in  the  diagram  and  curves. 


Arthur  Simon:  I  was  glad  to  see  that  Mr.  Hellmund  has 
given  a  method  of  calculating  the  currents  which  actually  flow 
in  the  unbalanced  resistance,  or  in  the  unbalanced  phases,  due 
to  the  unbalanced  resistance  in  the  induction  motor.  This 
method  can  be^  extended  to  a  system  under  which  all  three 
currents  f  *nt  values.    We  have  used  such  a  system 
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for  several  years,  and  we  find  that  it  is  only,  obviously,  an  ap- 
proximate method.  If  the  first  approximation  does  not  seem 
to  be  sufficiently  accurate,  we  can  introduce  a  second  approxi- 
mation, and  that  usually  will  lead  to  results  which  are  more 
than  sufficiently  close  to  actual  conditions.  By  using  this 
method,  we  can  precalculate  the  speed  curves  of  an  induction 
motor  very  carefully.  Fig.  5  shows  the  behavior  of  an  induction 
motor  under  unbalanced  conditions,  having  the  resistance  in 
all  three  phases  different.  The  actual  speeds  observed  under 
operating  conditions  at  no  point  vary  more  than  two  and  half 
per  cent  from  the  calculated  speed. 

I  wish  to  point  out  what  perhaps  may  be  an  error.  It  is  not 
very  serious,  but  it  misled  me,  and  it  took  me  a  long  time  to 
understand  Table  I  in  Mr.  Gazda's  paper.  You  will  find 
the  first  three  columns  give  the  resistance  in  the  rotor  circuit. 
I  drew  the  conclusion  that  the  secondary  amperes  which  are 
given  in  three  columns  about  the  middle  of  the  page,  fell  in  the 
same  rotation  as  the  resistance,  that  is,  the  first  column  of 
currents  belonged  to  the  first  column  of  resistance  and  so  on, 
but  apparently  that  is  not  the  case.  The  second  column  of 
currents  apparently  corresponds  to  the  third  column  of  resistance. 
If  you  analyze  the  table  that  way,  it  seems  to  check  up. 

A.  A.  Gazda:  Mr.  Hellmund  has  brought  to  light  some  ac- 
tions, concerning  which  very  little  data  have  been  available. 
The  current  peaks,  obtained  when  the  line  voltage  is  inter- 
rupted for  only  a  few  cycles,  give  a  hint  as  to  the  reasons  for 
violent  explosions  of  switches,  which  have  occurred  in  the  past, 
particularly  when  changing  connections  on  rotating  induction 
motors.  I  was  interested  to  know  what  maximum  possible 
peaks  could  be  obtained  under  this  condition.  On  account  of 
the  numerous  variables  involved,  it  is  practically  out  of  the 
question  to  get  the  worst  case  by  means  of  oscillographs.  The 
value  of  the  applied  voltage  wave  and  the  phase  relation  of  the 
counter  e.m.f.  to  it,  are  the  two  main  factors.  In  addition  to 
these  may  be  mentioned  the  external  load,  the  number  of  cycles 
of  voltage  interruption,  the  stored  energy  and  dissipating  con- 
stants, as  brought  out  by  Mr.  Hellmund.  By  making  some 
assumptions  in  regard  to  these  factors,  it  seems  that  under  the 
worst  possible  conditions,  a  peak  current  of  approximately  four 
times  locked-motor  current  may  be  obtained. 

In  Figs.  6  and  7,  instantaneous  values  of  line  voltage,  current 
and  flux  are  shown,  and  in  Fig.  8,  the  motor  or  counter  voltage 
is  shown  in  addition.  As  has  been  brought  out,  we  will  assume 
that  it  takes  several  cycles  to  build  up  the  main  motor  flux; 
hence,  only  leakage  fluxes  will  be  set  up  and  the  flux  curves  in 
the  diagrams  refer  to  these.  The  effect  of  motor  resistance  is 
small  and  may  be  neglected.  With  the  dead  motor  running  at 
full  speed,  the  line  switch  is  closed  on  the  maximum  point  of 
the  line  voltage  wave.  The  rate  of  change  of  flux  is  maximum 
at  this  point  and  a  symmetrical  wave  of  flux  and  current  is 
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obtained,  the  maximum  value  of  the  .latter  being  equal  to  the 
motor  current  under  locked  conditions.  Fig.  6  illustrates  this 
case.  In  Fig.  7  the  line  switch  closes  at  the  zero  point  of  the 
voltage  wave  and  the  rate  of  change  of  flux  must  be  positive 
(or  negative,  as  the  case  happens  to  be)  for  half  a  cycle.  Re- 
membering that  at  zero  time  the  flux  was  zero,  it  is  seen  that  an 
unsymmetrical  peak  of  about  twice  locked  current,  will  flow. 
Now,  take  the  case  in  which  the  motor  voltage  has  not  decreased 
appreciably  during  the  switching  process;  assume  that  the  im- 
pressed voltage  is  equal  and  opposed  to  the  motor  voltage  and 


Fig.  8 


the  switch  closes  on  the  zero  point  of  the  wave.  The  flux  now 
starts  at  zero  and  must  balance  double  line  voltage  over  a  period 
of  half  a  cycle.  In  comparison  with  Fig.  7,  evidently  four  times 
normal  flux  must  be  set  up  with  a  corresponding  unsymmetrical 
current  peak  of  four  times  normal  locked  value.  This  is  shown 
in  Fig.  8.  Other  factors,  such  as  resistance,  building  up  of  the 
main  field,  and  decay  of  motor  voltage,  may  prevent  the  prac- 
tical realization  of  this  large  current,  but  at  all  events,  it  gives 
an  indication  of  the  limiting  or  worst  condition. 

H.  D.  James:  We  have  been  starting  induction  motors  for 
twenty  years  and  have  experienced  little  trouble  from  the  causes 
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set  forth  in  this  paper.  This  is  largely  due  to  the  fact  that  the 
phenomena  described  by  Mr.  Hellmund  are  not  of  sufficient 
magnitude  in  small  motors,  or  even  large  low-speed  motors,  to 
cause  serious  difficulty.  Several  accidents  have  been  observed 
in  starting  large  two  and  four-pole  squirrel-cage  induction  motors. 
At  first,  these  troubles  were  attributed  simply  to  an  accident, 
but  the  fact  that  they  reoccurred  several  times  under  similar 
conditions,  indicated  that  something  was  wrong  with  the  method 
of  handling  the  motor.  The  investigation  that  was  made  re- 
sulted in  the  paper  which  Mr.  Hellmund  has  presented. 

This  paper  is  of  particular  significance  in  connection  with 
turbo-blowers  and  similar  applications  where  large  high-speed 
squirrel-cage  induction  motors  are  used.  It  has  not  been  until 
recently  that  motors  of  this  kind  have  been  placed  on  the  market. 
The  demand,  however,  is  rapidly  increasing  and  it  will  be  well 
.  for  engineers  to  note  the  particular  features  brought  out  by 
Mr.  Hellmund. 

This  emphasizes  the  necessity  of  the  engineer  designing  the 
motor  being  familiar  with  the  controller  design  also.  There  is 
little  danger  of  trouble  if  the  conditions  are  understood  and  the 
motor  and  controller  designed  to  avoid  the  difficulties  brought 
out  in  the  paper. 

Mr.  Gazda's  paper  brings  out  the  possibility  of  operating  a 
slip-ring  motor  at  half  speed,  where  the  motor  is  driving  a  fan  or 
blower.  The  tendency  of  the  motor  to  run  at  practically  con- 
stant speed  over  a  considerable  variation  of  torque  is  a  very 
desirable  feature,  as  it  is  sometimes  difficult  to  predetermine  the 
exact  torque  of  the  fan  when  operating  at  half  speed.  Very 
frequently,  thet  resistor  has  to  be  changed  after  the  fan  has  been 
installed,  in  order  to  get  the  proper  speed. 

It  has  been  pointed  out  that  surges  may  take  place  with 
single-phase  secondary  operation,  due  to  the  reaction  of  a  single- 
phase  primary  on  a  single-phase  secondary.  I. believe  that  this 
can  be  easily  avoided  by  introducing  resistance  into  the  second- 
ary circuit  before  the  primary  switch  is  opened. 

A.  E.  Averrett:  I  happen  to  recall  a  little  incident  related  to 
Mr.  Hellmund's  subject.  Several  years  ago  we  had  a  large 
induction  motor,  an  18-pole  machine,  and  through  some  accident, 
there  was  force  enough  exerted  to  bend  the  ends  of  the  barrel 
winding  clear  back  against  the  end  flanges.  No  one  could  ex- 
plain it.  Undoubtedly  it  was  something  of  this  same  type.  It 
has  been  known  for  some  time  that  at  the  instant  of  throwing  in 
transformers  there  is  a  heavy  surge  of  current.  With  the  ten- 
dency of  economically  designed  induction  motors  to  reach  high 
saturation,  the  exciting  current  required  comes  up  very  much 
faster  than  proportional  to  the  magnetization  and  it  takes  several 
times  current  to  get  twice  the  magnetism;  under  these  condi- 
tions an  enormous  surge  of  current  for  a  cycle  or  two  may  be 
produced.  I  think  that  is  what  occurred  in  this  particular 
motor.  It  was  simply  electro-magnetic  force  bending  the  con- 
ductors back  against  the  frame,  and  ruining  the  motor  windings. 
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H.  D.  James:  It  has  been  the  general  opinion  of  engineers 
that  the  maximum  current  taken  by  an  induction  motor  will 
not  exceed  the  lock  current  of  that  motor.  This  paper  shows 
that  the  maximum  current  may  be  at  least  four  times  this  value. 
In  starting  an  induction  motor,  it  is  the  usual  practise  to  con- 
nect the  motor  to  low  voltage,  usually  obtained  from  auto 
transformers.  After  the  motor  has  accelerated  to  its  maximum 
speed  on  this  voltage,  it  is  disconnected  from  the  transformers 
and  connected  to  the  full  line  voltage.  In  passing  from  the 
starting  to  the  running  position,  the  motor  is  disconnected  en- 
tirely from  the  line,  and  it  may  be  reconnected  with  the  phases 
180  deg.  out  of  step.  This  would  give  a  very  severe  rush  of 
current. 

R.  E.  Hellmund:  I  would  like  to  add  a  few  remarks  with  regard 
to  the  best  combination  of  high- voltage  motors  and  control, 
which  I  have  touched  upon  only  briefly  in  my  paper.  We  know  • 
that  an  oil  switch  is  one  of  the  best  means  for  interrupting  a 
current  quickly,  and  it  is  a  switch  that  does  not  need  much 
renewal  of  contacts.  But  in  looking  at  the  question  of  over 
voltages  in  the  motor,  it  may  be  found  that  the  switch  which 
takes  the  best  care  of  itself  is  not  by  any  means  the  best  switch 
for  the  motor.  It  is  an  old  practise  to  interrupt  a  d-c.  machine 
field  circuit  slowly,  possibly  by  drawing  out  a  long  arc.  A 
similar  practise  should  perhaps  be  considered  in  connection  with 
induction  motors.  Among  other  things  the  use  of  air  switches 
for  high-voltage  motors  is  worth  while  considering.  While  an 
air  switch  may  not  be  as  good  a  switch  as  an  oil  switch,  it  might 
greatly  assist  in  preserving  the  insulation  of  the  motor. 

In  this  connection  I  wish  to  mention  that  the  little  figure  I 
have  given,  (Fig.  10),  to  demonstrate  how  an  over- voltage  may 
be  induced,  is  only  given  as  an  example,  and  does  not  by  any 
means  cover  this  field.  Investigations  have  shown  for  instance 
that  a  circuit-opening  arc  in  oil  will  break  off  and  then  suddenly 
break  through  the  oil  again,  and  in  doing  so  will  build  up  the 
current  and  field  very  quickly.  The  same  investigations  have 
shown  that  over  voltages  frequently  occur  when  this  happens. 
Studies  along  such  lines  should  be  useful  in  bringing  about  the 
best  all  around  combination  of  high-voltage  motors  and  their 
control  apparatus. 

A.  A.  Gazda:  Mr.  Williamson  asked  a  question  in  regard  to 
the  effect  of  pulsating  current  in  the  primary.  I  can  say  that 
in  most  cases  it  will  not  have  any  effect  upon  the  power  system. 
Trouble  may  arise  when  the  size  of  the  motor  is  comparable  with 
the  size  of  the  generator.  The  primary  of  the  motor  acts  as  a 
secondary  for  the  pulsating  current,  and  it  pumps  back  through 
a  circuit,  which  consists  of  the  network,  but  in  general  the 
resistance  of  the  circuit  on  which  it  is  feeding  is  very  much  less 
than  the  resistance  or  inductance  of  the  motor  windings  itself; 
therefore,  you  have  practically  a  short  circuit  which  wipes  out 
all  effect  upon  apparatus  on  the  line. 
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The  test  data  that  were  presented,  giving  the  results  of  actual 
tests  on  different  sized  motors,  are  very  interesting  and  I  believe 
that  they  corroborate  the  conclusions  in  the  paper. 

Mr.  Maxwell  brought  out  the  point  that  high  transient  volt- 
ages have  been  recorded  when  switching  takes  place  on  a  poly- 
phase motor  running  with  a  single-phase  secondary.  With 
ordinary  connections  of  controllers,  the  single-phase  secondary 
connection  is  made  when  the  motor  is  at  a  standstill.  Under 
this  condition  voltage  surges  will  not  be  obtained  when  the 
primary  switches  are  closed,  even  though  two  should  close  before 
the  third.  On  the  other  hand,  the  way  of  preventing  high  voltage 
when  the  motor  is  running  would  be  to  arrange  the  controllers 
so  that  when  the  low  speed,  or  half  speed  is  desired,  it  is  neces- 
sary to  come  to  the  off  position  first,  because  in  stepping  back 
from  a  three-phase  to  a  single-phase  secondary,  the  motor  may 
continue  to  run  near  synchronous  speed.  Returning  to  the  off 
position  and  starting  all  over  again  will  eliminate  any  danger  of 
the  high  voltage,  and  prevent  the  accidental  operation  of  the 
motor  at  high  speed  with  single-phase  secondary. 

In  regard  to  hunting,  and  the  action  of  different  motors  under 
different  conditions,  we  are  making  a  detailed  investigation  of 
the  effect  of  all  the  variables,  including  primary  resistance  and 
reactance.  This  has  not  been  completed  as  yet  and  I  am  not 
prepared  to  say  what  will  happen  in  every  case.  In  a  motor 
which  has  a  high  primary  resistance,  the  unbalanced  voltage 
reacting  upon  j£e  primary  will  create  a  greater  torque  than  if 
the  resistance  is  very  low  and  give  more  stable  operating  char- 
acteristics at  the  half-speed  point. 

I  am  very  glad  that  Mr.  Simon  has  a  method  of  calculating 
the  unbalanced  current,  and  that  he  will  give  us  the  benefit  of 
his  investigations.  Mr.  Hansen,  whose  paper  was  presented 
this  morning  and  I  have  independently  derived  methods  of 
calculating  unbalanced  current.  The  methods  are  based  on  a 
very  simple  fundamental  law;  that  is,  we  assume  that  the  in- 
ductance and  the  resistance  of  the  motor  are  known,  and  then 
add  the  external  resistance  to  each  phase,  finally  treating  the 
problem  as  if  a  balanced  voltage  was  applied  to  a  three-phase 
circuit  with  a  variable  amount  of  resistance  and  inductance  in 
each  phase.  The  method  has  been  found  to  give  a  fairly  ac- 
curate predetermination  of  the  speed-torque  curve,  and  of  the 
secondary  currents.  The  greatest  difficulty  we  have  had  is  to 
determine  the  actual  amount  of  resistance  there  is  in  the  circuit. 
For  instance,  we  found  that  the  resistance  of  the  external  circuit 
varied  with  the  frequency,  and  we  could  not  take  the  normal 
resistance  as  obtained  with  d-c.  measurements,  as  being  the  true 
resistance  when  alternating  current  is  applied  to  it. 
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Abstract  of  Paper 

The  author  considers  the  following  arrangements  desirable: 
For  radial  feeders  not  in  parallel — in  verse- time-limit  overload 
relays,  with  selective  ground  relays.  Radial. feeders  in  parallel — 
reverse-power  relays  in  combination  with  reverse-time-element 
relays,  or  the  balanced  system.  Single  lines  in  tandem — definite 
and  inverse-time-limit  relays  with  progressively  longer  time 
settings  near  the  generating  station.  Two  or  more  parallel  lines  in 
tandem — inverse-time-limit  relays  at  the  points  where  the  power 
leaves  the  station  or  substation,  and  overload  relays  in  combina- 
tion with  reverse-power  relays  at  the  points  where  the  power 
enters  the  substation ;  also,  the  balanced  system  preferable,  when 
possible.  Single  line  ring  systems — inverse-time-limit  relays, 
combined  with  reverse-energy  relays,  or,  preferably,  the  balanced 
system.  Parallel  line  ring  systems — inverse-time-limit  relays 
on  the  outgoing  feeders  at  the  generating  stations,  and  a  balanced 
interconnected  combination  of  reverse-energy  and  inverse-time- 
Mmit  relays  at  the  receiving  ends  of  the  supply  feeders.  Tie 
lines — some  balanced  arrangement.  Generator  relays  seldom 
used,  but  arrangements  are  suggested.  Transformers — differen- 
tial relays.  Special  grounding  relays  for  extra  high-tension  cable 
feeders. 

Appendices  A,  B,  C  describe  connections  of  reverse-power 
relays,  relay  testing  and  a  special  installation. 


I.  Introduction 

DURING  the  past  two  or  three  years  important  papers  and 
discussions  have  been  published  describing  the  latest 
developments  and  operating  results  regarding  relays  for  high- 
tension  lines. 

These  developments  have  narrowed  down  to  certain  specific 
arrangements  based  on  different  fundamental  principles  and 
each  requiring  characteristically  different  types  of  relays.  I 
shall  not  here  describe  the  structural  and  operating  details  of 
all  these  types  of  relays.  Full  descriptions  can  be  found  in  the 
references  and  other  literature.  I  shall,  however,  attempt  to 
review  the  most  prominent  systems  of  relay  protection  and  their 
fields  of  application,  pointing  out  for  a  few  practical  cases  the 
combinations  used  to  obtain  the  maximum  degree  of  protection 
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with  minimum  expenditure,  especially  for  the  conditions  of 
existing  lines. 

II.  Definitions 

Certain  terms  and  expressions  have  assumed,  in  practise, 
specific  meanings.  Those  used  in  this  paper  are  defined  as  follows : 

Radial  feeders  or  independent  feeders.  Lines  transmitting  power  from 
a  generating  station  (or  main  source  of  supply)  to  a  substation  or  a 
customer's  installation. 

Radial  feeders  are  operated  (or  not  operated)  in  parallel  at  the  substa- 
tions according  to  whether  their  high-tension  terminals  are  metallically 
connected  to  the  same  high-tension  bus  bars  or  to  independent  high- 
tension  bus  bars  (which  may  feed,  through  transformers,  the  same  set  of 
low- tension  bus  bars). 

Lines  in  tandem — feeders  from  a  generating  station  supplying  two  or 
more  substations  in  series. 

Lines  connected  in  ring,  or  closed  feeder  circuits — two  or  more  substa- 
tions connected  in  series  with  the  two  outside  substations,  each  connected 
by  separate  feeder  or  feeders  to  the  generating  station. 

Tie  lines — connections  between  generating  stations  or  between  sub- 
stations not  in  the  order  of  the  ring.    The  latter  are  often  called  connectors. 

III.  Relay  Protection 
The  object  of  relay  protection  is  to  disconnect  any  part  or 
section  of  the  system  on  which  a  fault  occurs,  but  leave  the  rest 
of  the  system  in  operation  without  being  further  affected  by  the 
faulty  section. 

It  is  to  be  noted  that  the  function  of  the  relay  is  not  any  longer 
correlated  to  the  idea  of  protection  of  apparatus  against  over- 
loads. The  relay  is  intended  to  operate  only  on  breakdowns 
and  not  on  overloads,  though  its  setting  is  usually  given  in  per 
cent  overload  of  the  rated  capacity  of  the  circuit. 

IV.  Radial  Feeders  not  in  Parallel 
For  radial  feeders  not  operated  in  parallel  at  the  substation, 
overload  relays  of  the  inverse-time-limit  type  have  generally 
and  successfully  been  used  in  this  country.  Fig.  1  shows  a  one- 
line  diagram  together  with  the  relay  connections  and  relay 
characteristics  that  one  of  the  large  operating  companies  has 
used  successfully. 

In  addition,  for  over  ten  years  several  large  companies  have 
operated  a  system  of  selective-ground  relays  to  indicate  a  ground 
on  the  affected  feeder.  *  The  long  reliable  experience  which 
this  system  has  given  seems  to  warrant  further  applications  in 
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this  country;  extensive  use  has  already  been  made  abroad  in  the 
past  five  or  six  years,  t  These  relays  should  be  particularly 
valuable  for  high-tension  service  customers  in  conjunction  with 
overload  relays. 

Generally  speaking,  radial  feeders  not  operated  in -parallel  at 
the  substation  can  be  protected  with  overload  and  selective- 
ground  relays  and,  on  large  systems,  protect've  feeder  reactors 
to  obtain  100  per  cent  protection  to  the  system. 

V.  Radial  Feeders  in  Parallel 
Radial  feeders  operated  in  parallel  at  the  substations  present 
greater  difficulty  for  their  relay  protection.    The  best  practise 
utilizes  two  different  methods,  namely:    (a)  the  reverse-power 
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Radial  feeders  not  paralleled — one-line  diagram 


relay  in  combination  with  overload  relays  and  (b)  the  bal- 
anced or  Merz-Price  system.  The  balanced  system  is  one 
where  the  current,  when  flowing  in  the  same  direction 
and  of  the  same  relative  magnitude,  in  parallel  conductors 
or  in  different  portions  along  the  length  of  the  same  con- 
ductor, will  not  produce  any  force  on  the  relay  even  under  heavy 
short-circuit  conditions.  The  relays  are  only  operated  when  the 
currents  are  of  different  relative  magnitude  or  direction  at  these 
points. 

(a)  Reverse-power  relays  have,  in  isolated  cases,  given  very  satisfactory 
results.  The  recent  developments  in  the  induction-type  reverse-energy 
relays  have  made  it  possible  to  use  this  form  of  protection  more  exten- 

fThe  Journal  of  the  Institution  of  Electrical  Engineers  (London)  p. 
159,  Jan.  15,  1915. 
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»  veJr  as  these  relays  are  made  so  that  they  wi'd  properly  select  down  to 
i  per  cent  voltage. 

In  cases  where  a  n timber  of  feeders  are  paralleled  in  the  substation,  a 
combination  of  balanced  and  reverse-energy  relay  connections,  as  shown 
in  Pig.  2  gives  very  satisfactory  results.* 

Appendix  C  outlines  the  plans  of  the  New  York  Edison  Company  for 
two  of  its  principal  substations  where  this  combination  is  used  in  connec- 
tion with  select; ve-ground  relays. 

'by  The  balanced  system  of  which  the  split-conductor  system  is  an  il- 
lustration, has  given  such  satisfactory  results  abroad  that  it  has  lately 
been  introduced  in  this  country  by  several  large  companies,  like  the 
Boston  Edison  Company  and  the  Public  Service  Electric  Company  of 
New  Jersey.  It  is  especially  suitable  for  new  installations  or  where 
existing  duplicate  overhead  lines  can  be  coordinated  to  give  a  resultant 
split-conductor  circuit-  * 
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Parallel  feeders —  one-line  diagram 


VI.  Lines  in  Tandem 

For  single  lines  in  tandem,  extensive  use  has  been  made  of 
definite  and  inverse-time-limit  relays,  with  progressively  longer 
time  settings  on  relays  near  the  generating  station. 

For  two  or  more  parallel  lines  in  tandem,  the  inverse-time- 
limit  relays  at  the  points  where  the  power  leaves  the  station 
or  substation,  and  overload  relays  in  combination  with  reverse- 
power  relays  at  the  point  where  the  power  enters  the  substation, 
have  given  very  satisfactory  results.  In  Fig.  3  a  one-line  diagram 
is  shown  of  a  system  that  has  been  in  operation  for  some  time 
with  excellent  results. 

•Journal  of  the  Institution  of  Electrical  Engineers  (London)  p.  159, 
Jan.  15,  1915. 

t Trans.  A.  I.  E.  E.,  1916,  Vol.  XXXV.,  Part  I,  p.  724. 
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In  laying  out  a  system  of  parallel  feeders  in  tandem,  it  has 
been  found  very  advantageous  to  make  a  careful  analysis  of  the 
constants  of  the  circuits  and  short-circuit  conditions,  to  set  the 
relays  to  give  the  best  selective  action.  As  an  example,  the 
equivalent  7800-volt  constants  of  each  circuit  shown  in  Fig.  3  are: 

Generating  station  to  substation  No.  I — Reactance  1.45  ohms,  resistance 
0.53  ohms  per  leg. 

Substation  No.  I  to  No.  II — Reactance  0.33  ohms,  resistance  0.31  ohms 
per  leg. 

Substation  No.  II  to  No.  Ill — Reactance  4.3  ohms,  resistance  3.7  ohms 
per  leg. 

The  settings  of  the  various  relays  are  given  in  the  curves  of 
Fig.  3  and  from  the  maximum  short-circuit  currents  that  can 
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Pig  3 

Parallel  feeders  in  tandem — one-line  diagram 

pass  through  any  two  relays  in  series,  there  is  a  selective  time 
diiference  of  half  a  second,  even  under  the  most  severe  conditions. 

The  balanced  system,  as  explained  in  Section  5,  is  also  espe- 
cially adapted  for  parallel  lines  in  tandem. 

VII.  Single  Line  Ring  Systems 
On  single  line  ring  systems,  inverse-time-limit  relays  com- 
bined with  reverse-energy  relays  may  be  used  with  the  settings 
on  the  inverse-time-limit  element  made  progressively  longer 
near  the  generating  station  when  feeding  in  the  outgoing  direc- 
tion. The  balanced  system  might  be  preferable  to  the  above 
especially  in  cases  of  new  installations. 
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VIII.  Parallel  Live  Ring  System 
In  a  parallel  line  ring  system,  the  system  of  relays  shown 
in  the  one-line  diagram  Fig.  4  gives  promise  of  very  good  results. 
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Fig.  4 

Parallel  feeders — ring  network— one-line  diagram 

In  this  the  inverse-time-limit  relays  are  used  on  the  outgoing 
feeders  at  the  generating  stations  and  a  balanced  interconnected 
combination  of  reverse-energy  and  inverse-time-limit  relays  at 
the  receiving  ends  of  the  supply  feeders. 
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In  the  case  shown,  the  supply  is  furnished  to  several  parts  of 
the  system,  which  parts  are  interconnected  through  several  sub- 
stations by  duplicate  feeders.  Here  the  overload  relays  are  used 
on  the  outgoing  feeders  at  each  of  the  main  receiving  substations 
to  eliminate  the  possibility  of  a  complete  system  shut-down  due 
to  the  failure  of  any  relay  to  function  properly  or  in  case  of  a 
short  circuit  on  a  bus. 

IX.  Tie  Lines 

With  tie  lines  between  generating  stations  where  power  can 
pass  in  either  direction,  the  Merz-Price  or  balanced  system 
of  relays  are  probably  most  advantageous.  The  balanced  ar- 
rangement may  be  on  the  split-conductor  principle,  the  com- 
bination interconnected  reverse-power  and  inverse-time-limit 
relay  as  shown  in  Fig.  2  or  a  mechanical  interlock  between  the 
plungers  of  the  several  relays  on  the  parallel  feeders. 

X.  Generator  Protection 
Generators  are  seldom  protected  by  relays;  however,  protec- 
tion in  cases  of  short  circuits  in  generator  windings  may  be  best 
obtained  by  means  of  differential  relays  connected  to  current 
transformers  in  the  two  ends  of  each  individual  winding.  It  is 
also  possible  to  protect  against  this  trouble  by  means  of  reverse- 
power  relays  in  connection  with  overload  relays  with  their 
tripping  contacts  in  series  and  set  to  trip  out  the  switch  at  a  high 
value  of  current,  when  the  power  is  flowing  in  the  direction  of 
the  generator. 

As  in  most  cases  the  generator  breakdowns  start  with  a  ground, 
a  good  protective  arrangement  consists  in  adopting  the  selective 
relay  ground  principle,  as  in  the  case  of  feeder  protection.  For 
this  arrangement  precaution  must  be  taken  to  ground  the 
system  either  by  a  ground  placed  outside  of  the  generator  neutral, 
or  by  grounding  the  neutral  of  one  or  more  generators  and  passing 
these  grounding  leads  through  the  transformer  of  the  selective 
ground  relay  system. 

XI.  Transformer  Protection 
Transformer  protection  has  been  best  obtained  for  a  very  long 
time  by  means  of  differential  relays  connected  to  transformers  on 
both  the  high-tension  and  low-tension  sides  of  the  power  trans- 
former. 
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XII.  Grounding  Relays 

Special  grounding  relays  have  been  found  very  important  for 
use  on  extra  high-tension  feeders.  The  accompanying  Figs.  5 
and  6  show  the  method  that  has  been  used  by  The  New  York 
Edison  Company  where  the  high-voltage  feeders  are  metallically 
isolated  at  both  ends  with  transformers. 

While  the  experience  is  not  conclusive,  it  is  interesting  to  note 


Fig.  5 


that  in  the  case  of  Fig.  5,  on  15  miles  (24.1  km.)  of  25,000-volt 
cable,  eleven  cable  breakdowns  occurred  in  the  first  seven 
months  of  service  without  the  grounding  relays,  whereas  only 
five  cable  breakdowns  have  occurred  in  the  past  year  with  the 
grounding  relays.  Of  the  first  eleven  breakdowns,  six  occurred 
in  service  and  five  under  test  after  a  service  breakdown.  Of  the 
latter  five  breakdowns  all  occurred  in  service  and  none  under 
test.    The  theory  is  held  that  the  grounding  relay  clears  the 
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trouble  before  the  short  circuit  through  the  impaired  insulation 
has  sufficient  time  to  develop  a  large  flow  of  current  creating 
heavy  surges  and  mechanical  stresses  which  may  weaken  other 
points  on  the  system. 

APPENDIX  A 

The  reverse-power  relay  cannot  be  considered  to  give  any 
selective  time  feature  as  the  moving  torque  is  dependent  upon 


Ground  Trfnsfonrwrs 


Fig.  6 

the  power  factor  and  the  voltage  of  short-circuit  conditions.  In 
order  to  obtain  the  best  results,  the  reverse-power  relay  should 
be  set  as 'sensitive  as  possible,  with  an  inverse-time-limit  relay 
for  time  and  current  adjustments.  The  tripping  contacts  of  the 
two  relays  should  be  in  series  so  that  the  circuit  will  only  trip  out 
with  a  short-circuit  current  flowing  in  a  given  direction  and  of  a 
certain  magnitude.  The  time  required  to  trip  is  then  dependent 
upon  the  magnitude  of  the  current  alone. 
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The  power  factor  of  a  short  circuit  may  vary  from  practically 
zero  to  uiiity,  and  in  addition  there  is  a  second  possible  shifting 
of  phase  relation  from  Y  voltage  of  90  electrical  degrees,  due  to 
voltage  distortion  on  single-phase  short  circuits.  This  neces- 
sitates the  reverse-power  relay  selecting  through  a  range  of  180 
degrees. 


Fig.  7 — Phase  Rotatipn  ABC 


It  is  therefore  very  important  that  the  relays  have  their 
potential  and  current  coils  properly  connected  to  select  under  all 
of- these  conditions.  Fig.  7  shows  the  method  of  connection  that 
The  New  York  Edison  Company  has  employed  for  the  last  four 
years  with  very  satisfactory  results.    Fig.  8  shows  another 


Fig.  8 — Reverse-Power  Relay  Connections 


method  of  connection  that  is  proposed  by  one  of  the  manufac- 
turing companies  and  gives  promise  of  good  results. 

In  both  of  the  above  connections  the  current  in  the  current 
coil  leads  the  current  in  the  potential  coil  with  unity  power 
factor  three-phase  reverse  power.  Hence  the  currents  in  the 
two  coils  are  in  closer  phase  relations  with  the  lagging  current  of 
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short  circuits.  Also  the  potential  elements  are  connected  in 
delta  which  limits  the  distortion  on  single-phase  short  circuits 
to  30  electrical  degrees  in  place  of  60,  as  in  the  case  of  a  Y  con- 
nection. 

APPENDIX  B 

Relay  Testing  To  insure  selective  operation  when  carry- 
ing short-circuit  currents,  the  relays  should  be  tested  under 
conditions  approximating,  as  nearly  as  possible,  short-circuit 
conditions.  This  involves  heavy  testing  currents,  and  corres- 
pondingly short  timing  intervals,  both  of  which  present  certain 
difficulties. 

In  keeping  with  the  foregoing  considerations,  marked  changes 
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have  taken  place  in  the  testing  of  series  inverse-time-limit  relays 
in  the  generating  stations  of  The  New  York  Edison  Company. 
A  brief  outline  of  the  present  method  employed  is  given,  together 
with  sketches  of  the  testing  circuits,  etc. 

Although  the  general  scheme  remains  the  same  as  heretofore, 
the  testing  is  now  done  at  considerably  higher  currents  and 
an  accurate  automatic  timer  has  replaced  the  stop  watch  and 
signal  lamp.  Furthermore  additional  testing  circuits  have  been 
provided,  and  the  test  connections  are  made  to  give  a  more  com- 
plete check  on  the  condition  of  the  relay  circuits. 

The  extent  to  which  the  testing  currents  could  be  increased 
was  necessarily  Jimited  by  the  size  of  wire  on  the  relay  circuits. 
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These  circuits  are  all  of  No.  10  A.  W.  G.  copper  wire  and  a  testing 
current  approximating  50  amperes  was  considered  to  be  a  safe 
maximum.  A  circuit  breaker  which  is  automatically  opened 
when  the  relay  closes  is  used  in  the  testing  circuit  to  prevent 
injury  to  the  wiring  by  leaving  the  test  current  on  for  too  long 
a  period. 

A  secondary  test  current  of  50  amperes  corresponds  to  about 
10  times  the  normal  capacity  of  the  circuits  and  is  well  down 
near  the  flat  part  of  the  inverse-time-limit  relay  curves  (see  Fig. 


Fig.  10 

9.).  It  will  be  noted  that  at  this  part  of  the  curve  an  error  in 
current  measurement  will  have  a  considerably  smaller  effect  on 
the  timing  than  at  a  point  of  the  curve  corresponding  to  two  or 
three  times  the  normal  circuit  capacity. 

The  curve,  Fig.  9,  also  shows  that  the  time  at  50  amperes 
secondary  is  about  0.5  second.  It  is,  of  course,  impossible  to 
measure  this  interval  with  sufficient  accuracy  by  use  of  a  stop 
watch,  and  a  small  synchronous  timer  is  used.  This  instrument 
is  accurate  to  3  or  4  per  cent  at  0.5  second  and  good  results  have 
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been  obtained  with  it.  The  operation  is  entirely  automatic, 
eliminating  all  personal  errors  as  shown  in  the  method  of  connec- 
tions in  Fig.  10. 

The  connectors  on  the  current-transformer  test  blocks  are 
not  removed  under  tests,  which  leaves  the  secondary  of  the 
current  transformer  in  shunt  with  the  relay  circuit  while  testing. 
Under  these  conditions  and  with  test  currents  not  exceeding 
50  amperes,  only  a  very  negligible  current  is  shunted  out  by  the 
transformer  secondary.  If,  however,  a  high  resistance  is  present 
in  the  relay  circuit  or  if  the  impedance  of  the  transformer  is  low 
on  account  of  short-circuited  turns,  the  balance  of  current 
between  the  relay  and  transformer  will  be  disturbed  and  the 
defective  circuit  will  be  found  on  periodic  retest  of  the  relay. 
This  method  has  already  proven  very  successful  in  locating  defec- 
tive current  transformers. 

If  it  were  possible  to  test  with  still  higher  currents,  then,  with 
the  transformer  shunting  the  relay  circuit,  an  appreciable  part 
of  the  test  current  will  pass  through  the  transformer  secondary. 
This  would  be  a  big  advantage  as  it  would  account  for  the  high 
magnetizing  current  which  changes  the  ratio  of  the  transformer 
when  working  under  short-circuit  conditions. 

APPENDIX  C 

The  New  York  Edison  is  installing  the  protective  relay  sys- 
tem for  the  generating  station  and  some  of  its  substations  where 
all  the  radial  feeders  are  operated  in  parallel,  as  shown  in 
Fig.  11. 

This  company  has  used  the  system  of  selective-ground  re- 
lays for  nine  years  with  excellent  results.  This  system  was 
arranged  to  ring  a  bell  and  locate  a  defective  grounded  feeder 
by  means  of  a  relay  drop  which  was  in  turn  connected  to  a  cur- 
rent transformer  that  enveloped  the  three  conductors. 

By  this  indication  the  operator  was  in  former  years  able  to 
disconnect  the  defective  cable  before  it  developed  into  a  short 
circuit  in  about  80  per  cent  of  the  cases. 

With  the  increase  in  size  of  the  underground  system  the 
grounding  current  capacity  has  increased  so  much  that  it  gives 
the  operator  very  little  time  to  disconnect  a  grounded  feeder 
before  it  develops  into  a  short  circuit.  It  was,  therefore,  decided 
to  make  this  operation  automatic  and  a  zigzag  three-phase 
grounding  transformer  is  being  connected  to  the  generating 
station  bus  for  establishing  a  more  positive  ground  current. 
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The  resistance  is  connected  in  series  with  these  transformers 
to  limit  the  current  to  200  amperes. 

A  plunger-type  bellows  relay  is  being  connected  to  the  ground- 
sheath  current  transformer  and  this  relay  is  being  connected  to 


GENERATING  STATION 


Fig.  11 

automatically  trip  out  the  oil  switch  at  the  station  when  a 
ground  occurs  on  the  feeder. 

In  cases  where  the  feeders  are  paralleled  in  the  substation  a 
grounding  relay  is  used  in  conjunction  with  the  balanced  inter- 
connected reverse-energy  relay  arrangement  of  Fig.  2  on  the 
Sub-station  ends  of  the  feeders.    On  these  feeders  the  bellows 
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grounding  relays  in  the  generating  station  are  given  a  short  time 
setting  to  permit  the  substation  switches  to  operate  first. 

All  feeders  outgoing  from  the  substation  bus  are  also  equipped 
with  grounding  relays. 
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THE  PROTECTIVE  EQUIPMENT  ON  THE  SYSTEM 
OF  THE  COMMONWEALTH  EDISON  COMPANY 


BY  R.  F.  SCHUCHARDT 


Abstract  of  Paper 

The  use  of  protective  devices  is  based  primarily  on  the 
desire  to  maintain  a  high  continuity  of  service  rather  than  to 
protect  apparatus.  The  tendency  in  the  development  of  large 
systems  is  toward  interconnection,  and  to  make  this  practicable, 
satisfactory  relays  are  necessary. 

The  paper  describes  briefly  the  system  of  the  Commonwealth 
Edison  Company  of  Chicago  with  special  reference  to  the  pro- 
tective devices  installed  thereon. 

Generators  are  equipped  with  balanced  relays,  lines  with  in- 
duction-type inverse-time-element  relays,  some  of  them  of  the 
uni-directional  type,  and  balanced  relays,  while  substation  ap- 
paratus has  the  usual  equipment  of  overload  relays,  speed-limit 
devices,  etc.,  and  outgoing  feeders  the  instantaneous  type  of 
relays.  The  arrangement  of  these  relays  is  shown  and  some  of 
the  settings  described.  , 


Introductory 

PROTECTIVE  relays  on  a  central  station  system  may  be 
defined  as  devices  or  apparatus  used  primarily  to  maintain 
continuity  in  the  supply.  The  protection  is  with  reference  to 
the  service  rather  than  to  the  generator,  line,  or  transformer, 
etc.,  to  which  the  relay  is  connected.  The  ideal  protective  relay 
is  one  that  immediately  disconnects  a  faulty  member  of  the 
system  before  the  disturbance  caused  by  the  fault  has  spread 
beyond  that  member.  Unfortunately,  development  to  date  has 
not  yet  evolved  such  an  ideal  device.  Synchronous  apparatus  has 
a  tendency  to  drop  out  of  step  promptly  whenever  an  un- 
usually heavy  shock  occurs  on  the  system,  thus  at  times  causing 
disturbance  in  other  than  the  faulty  member.  However,  the 
relays  now  available  will  serve  properly  in  the  great  majority 
of  cases  and  we  may  hope  ultimately  to  have  synchronous  ap- 
paratus designed  with  a  higher  degree  of  stability. 

At  the  present  time  the  conditions  met  with  in  different  sys- 
tems vary  considerably,  and  no  one  scheme  of  protection  will 
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fit  them  all.  Each  system  must  be  studied  and  the  individual 
solution  applied.  There  are,  however,  many  points  of  similar- 
ity and  the  solution  in  one  case  will  serve  as  a  partial  guide,  at 
least,  in  others. 

The  tendency  in  the  development  of  large  systems  is  toward 
the  simplicity  of  the  low-tension  Edison  network,  which  is 
giving  such  excellent  results.  Unfortunately,  the  protective 
problem  on  these  large  high-tension  systems  has  not  the  sim- 
plicity of  the  Edison  network.  We  seem,  however,  to  be  in  a 
fair  way  of  making  satisfactory  progress  toward  this  goal.  The 
devices  now  obtainable  and  commercially  within  reach  make  it 
practicable  to  interconnect  quite  freely  and  thereby  to  gain  con- 
siderably in  the  use  of  the  copper  invested  in  lines  and,  in  general, 
to  localize  faults. 

It  is  only  fair  to  the  manufacturer  to  state  that  his  problem 
has  not  been  an  easy  one,  since  the  ideal  action  of  protective 
relays  would  require  them  to  have  almost  human  intelligence. 
They  must  invariably  discriminate  between  conditions  under 
which  they  ought  to  operate  and  those  under  which  they  must 
remain  inoperative,  and  this  discrimination  must  be  made  in- 
stantaneously. The  present  apparatus  made  by  the  manufac- 
turers reflects  credit  on  their  engineers  and  gives  promise  of 
continued  progress  along  the  desired  lines. 

In  the  following  paper  will  be  found  a  description  of  the  pro- 
tective schemes  recently  adopted  by  the  Commonwealth  Edison 
Company  of  Chicago  as  a  result  of  considerable  experimentation 
with  the  newer  relays.  With  the  continued  growth  of  the  sys- 
tem the  earlier  relays  were  frequently  found  inadequate  and  it 
was  necessary  to  seek  relief  in  a  better  development  in  order  to 
continue  the  maintenance  of  a  satisfactory  service. 

Brief  Description  of  the  Plant 
The  plant  of  the  Commonwealth  Edison  Company  contains 
at  present  three  main  high-tension  generating  stations  with  a 
number  of  auxiliary  peak  stations,  having  a  total  generating 
capacity  at  this  time  (March  1917)  of  approximately  400,000 
kw.,  with  800  miles  (1287.4  km.)  of  high-tension  transmission 
lines  feeding  sixty-six  distribution  substations  and  about  forty 
industrial  customers'  substations.  The  energy  is  generated  at 
two  frequencies,  25  cycles  and  60  cycles.  The  bus  connections 
of  the  units  and  the  direct  ties  between  stations  are  shown  in 
Fig.  1.    Summarized  substation  data  are  shown  in  Table  I. 
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The  size  of  the  system  and  its  growth  are  indicated  in 
the  curves  in  Fig.  2,  which  show  the  annual  maximum  loads 
since  1900.  The  total  coincident  maximum  during  the  past 
winter  was  370,000  kw. 


TABLE  I— SUMMARY  OF  SUBSTATION  CAPACITY  DATA 


25  Cycle 

60  Cycle 

Total  kw. 
capacity 

Range  of 
sizes 

Total  kw. 
capacity 

Range  of 
sizes 

250- volt  synchronous  converters 
600- volt  synchronous  converters 
12,000-volt  to  4,000-volt  trans- 

101.300 
♦226,000 

21,600 

100-4200 
1000-4000 

500-2000 

9.000 
102,500 

3000 
100-3000 

348,800 

111,500 

*  140,000  kw.  of  this  is  in  substations  of  the  traction  companies. 


Fig.  3  is  a  diagram  of  the  transmission  lines.  The  length  of 
these  lines  at  the  various  voltages  is  as  follows: 

481  miles  (774  km.)  of  9000-volt,  25  cycles;  cable  size  4/0, 

250,000  cir.  mils  and  300,000  cir.  mils. 
215  miles  (345.9  km.)  of  12,000-volt,  60  cycles ;  same  cable 

as  for  9000  volts. 
92  miles  (148  km.)  of  19,000-volt,  25  cycles;  cable  size  2/0 

and  250,000  cir.  mils. 
12  miles  (19.3  km.)  of  22,000- volt,  60  cycles;  cable  size 

250,000  cir.  mils. 

Elements  of  the  System  and  their  Protection 
All  of  the  25-cycle  generators  in  these  three  stations  are  pro- 
vided with  external  reactors  except  in  the  case  of  two  of  the 
units  which  generate  at  half  pressure  and  step  up  to  9000  volts 
through  auto-transformers.  The  total  reactance  of  generators 
and  external  coils  (or  auto- transformers)  is  as  follows: 


12,000-kw.  capacity  generators   8   per  cent 

14,000  44          44            "    8       11  44 

20,000  44          44            44    10      44  44 

25,  00  0  4  4          4  4            44    11       44  44 

30,00  0  4  4          4  4            44    12       4  4  44 

35,000  44          44            44    12.5    44  44 
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The  60-cycle  generators  have  sufficient  inherent  reactance,  so 
no  external  reactors  are  required,  this  reactance  being, 

14,000-kw.  (18,670-kv-a.)  capacity  generators. . .      7     per  cent 
20,000  11    (25,000    "  )        "  "  12  11 

30,000  11    (35,300     "  )        "  "  12.5   "  M 


Fig.  2 — Maximum  Loads  since  1900 


With  one  exception  the  vertical  generators,  which  include  all 
those  under  20,000-kw.  capacity  and  two  of  this  capacity,  have 
no  automatic  relays  at  present.  All  of  the  newer  units 
and  one  of  the  20,000-kw.  vertical  units  are  equipped  with 
balanced  relays  of  the  Merz-Price  type.  These  are  connected 
so  that  in  the  event  of  a  fault  in  the  generator  or  in  its  leads, 
they  will  promptly  open  the  main  oil  switch,  the  neutral  switch 
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(if  closed),  and  the  field  switch  of  the  faulty  unit  and  also  discon- 
nect the  blower  motor  where  there  is  one.  A  diagram  of  this 
relay  connection  is  shown  in  Fig.  4. 

Fisk  Street  station  is  normally  operated  in  two  sections  which, 
however,  are  tied  together  through  the  Quarry  Street  bus, 
sectionalizing  reactors  being  placed  in  each  tie  line.  (See  Fig. 
1.)  These  reactors  are  designed  to  absorb  20  per  cent  of  the 
pressure  at  the  full-load  current  of  the  tie  line,  which  consists  of 
three  250,000-cir.  mils  cables  in  parallel.  These  tie  lines  are 
protected  with  balanced  relays,  the  connections  of  which  are 
shown  in  Fig.  5.  It  will  be  noted  that  the  connections  are  such 
that  the  relays  will  operate  only  in  the  event  of  ground  current, 
but  experience  has  indicated  that  the  vast  majority  of  cable 
failures  are  to  ground.  Incidentally  this  could  always  be  as- 
sured if  cable  of  the  Hochstaedter  type — that  is,  with  grounded 
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Fig.  4 — Merz-Price  Relay  on  Generator 


sheaths  around  each  conductor  of  the  three-conductor  cable — 
were  used.  Tie  lines  between  Fisk  Street  and  Northwest  station 
which  are  about  eight  miles  (12.8  km.)  long  are  treated  like 
ordinary  lines  at  each  station.  On  each  of  the  sections,  both  for 
the  25-cycle  and  the  60-cycle  units,  the  neutral  switch  of  one  of 
the  running  units  is  closed  to  the  neutral  bus.  Each  section  has 
its  own  neutral  bus  and  this  is  connected  to  ground  through  a 
2$-ohm  non-inductive  resistance. 

At  the  Quarry  Street  station  there  is  a  5000-kw.  frequency 
changer  serving  as  tie  between  the  25-cycle,  9000-volt  busses 
and  the  60-cycle,  12,000-volt  busses.  The  bellows  overload  re- 
lays now  on  the  units  are  to  be  replaced  by  uni-directional  re- 
lays at  either  end,  and  in  addition,  an  adjustable  definite- 
minimum,  inverse-time-element  relay  will  be  installed  to  trip 
the  60-cycle  switch  in  the  event  of  a  sustained  excessive  over- 
load such  as  would  result  when  either  of  the  systems  receives  a 
shock  and^excessive  synchronizing  energy  passes  between  them 
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through  this  frequency  changer.  The  uni-directional  relays  will 
be  set  to  operate  instantaneously  on  energy  feeding  inward  and 
equal  to  about  15,000  kv-a.;  while  the  inverse-time  relay  will 
be  set  for  approximately  10,000  kw.,  three  seconds. 

On  the  transmission  lines  in  the  generating  stations  the  bel- 


Fig.  5 — Diagrammatic  sketch  of  Relays  on  Fisk-Quarry  Tie  Lines 

lows-type  relays  are  being  rapidly  replaced  by  an  induction-type, 
adjustable  definite-minimum,  inverse-time-element  relay.  Where 
the  line  is  part  of  a  ring  and  the  time  setting  of  the  relay  at  the 
station  end  is  more  than  one  and  one-half  seconds,  an  additional  re- 
lay of  the  solenoid  type  is  used  but  set  to  operate  instantaneously. 
Its  current  setting,  however,  is  slightly  higher  than  that  current 
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which  could  flow  over  the  resistance  of  this  line  and  into  the 
next  link  of  the  ring.  It  is  planned  ultimately  to  operate  lines 
in  parallel,  wherever  practicable  and  consistent  with  the  sec- 
tionalizing  at  the  generating  stations. 

At  the  substation  end  of  these  lines  as  well  as  on  tie  lines 
between  substations  there  are  connected  uni-directional  inverse- 
time-element  relays  of  the  induction  type,  or  in  some  instances 
on  rings,  balanced  relays,  depending  on  the  relation  of  the  par- 
ticular line  to  the  other  elements  of  the  ring  of  which  it  is  a  part. 
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Fig.  6  a — Typical  Protective  scheme — Transmission  Lines 


Protective  apparatus  in  use  on  substation  units  is  as  follows: 
On  250-  Volt  Synchronous  Converters  of  the  Edison  System.  Inverse- 
time-element  overload  relays  of  the  bellows  type  on  the  high-tension  sup- 
ply to  the  transformers  and  operative  on  the  oil  switches;  speed-limit 
devices  operating  on  the  d-c.  circuit  breakers;  and  on  all  down-town  sub- 
station units  in  addition  reverse-current  relays  operating  on  the  d-c. 
circuit  breakers. 

On  600-  Volt  Converter  Units  for  Railway  Service.  Inverse- time-element 
overload  relays  operating  on  the  oil  switch;  overload  attachment  on  the 
positive  circuit  breaker;  speed-limit  relays  operating  on  the  positive  cir- 
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cuit  breaker;  and  in  addition  a  special  leakage-current  relay  connected 
between  the  frame  of  the  machine  and  earth  and  set  to  operate  both  the 
oil  switch  and  the  d-c.  breaker  in  the  event  of  potential  in  excess  of  100 
volts  existing  on  the  frame,  such  as  might  result  from  a  flash-over. 

On  QQ~CycU,  12,000- Pa/*  to  4000- Volt  Transformers.  Bellows  over- 
load relays  operating  on  the  12,000- volt  switch  are  being  replaced  by  dif- 
ferential relays  operating  on  both  the  12,000- volt  and  the  4000- volt  oil 
switches.  The  4000-volt  outgoing-feeder  circuits  are  provided  with 
straight  overload  relays. 

On  9000-  Volt,  25-  Cycle,  to  4000- Volt.  60-  Cycle  Frequency  Changers. 
Bellows  overload  relays  on  both  the  motor  and  the  generator,  each  opera* 
ting  its  own  oil  switch. 


I 

Fig.  6  b — Typical  Protective  scheme — Transmission  Lines 


Setting  op  Relays  and  Experience 
Generators.  The  balanced  relays  on  generators  are,  like  all 
the  other  balanced  relays  on  the  system,  set  for  instantaneous 
operation.  Since  they  have  been  installed,  the  relays  on  one 
of  the  units  have  been  called  upon  to  operate  twice,  in  each 
case  promptly  disconnecting  the  unit.  The  benefit  of  generator 
reactors  and  bus-sectionalizing  reactors  has  been  apparent  a 
number  of  times  in  limiting  the  extent  of  the  disturbance  re- 
sulting from  a  line  break-down  close  to  the  station.  Previous 
to  the  installation  of  such  reactors,  cable  breakdowns  occurring 
within  half  a  mile  (0.8  km.)  of  the  station  usually  caused  fairly 
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widespread  disturbance  and  often  considerable  damage  to 
generators. 

Lines.  The  adoption  of  the  line  protective  devices  described 
resulted  from  a  desire  to  make  the  large  line  investment  more 
productive  by  operating  in  parallel  as  far  as  practicable,  as  well 
as  to  localize  more  fully  the  disturbance  resulting  from  a  cable 
failure.  In  the  case  of  the  station  tie  lines,  the  straight  inverse- 
time-element  relays  frequently  opened  when  either  station  got 
a  shock  due  to  a  line  failure.  The  installation  of  balanced  re- 
lays on  these  two  lines  has  entirely  removed  this  trouble. 


•3  »»  ST 

SUBSTATION 


Fig.  6  c — Typical  Protective  scheme — Transmission  Lines 

On  the  transmission  lines,  the  aim  is  to  use  the  induction  type 
of  relays  in  all  cases  where  their  satisfactory  use  does  not  re- 
quire the  time  setting  at  the  station  to  be  too  high,  and  it  was 
generally  considered  that  this  maximum  setting  should  not 
materially  exceed  two  seconds.  In  the  case  of  ring-connected 
lines,  where  the  succeeding  relays  in  each  link,  counting  toward 
the  station,  must  have  an  increasing  time  element,  the  use  of 
these  relays  only,  would  in  many  cases,  require  a  setting  in 
excess  of  the  two-second  limit.  It  is  obvious  that  the  difference 
in  time  setting  between  any  two  successive  relays  in  the  series 
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must  be  equal  to  the  time  required  for  the  oil  switch  to  fully 
break  the  circuit  after  the  relay  contact  has  closed,  plus  a  safe 
margin,  and  this,  with  the  speediest  apparatus,  is  approximately 
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Fig.  7  a — Current-Time  Curves  of  Relays 


three-tenths  of  a  second.  In  order,  then,  to  keep  down  the 
total  number  of  such  relays  in  series  in  a  ring  of  many  links  and 
thus  to  prevent  the  above  time  limit  from  being  exceeded,  the 
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Fig.  7  b — Current-Time  Curves  of  Relays 

shortest  lengths  in  the  ring  are  provided  with  balanced  relays 
and  pilot  wires.  The  illustrations  in  Figs.  6a,  6b  and  6c  show 
typical  installations  of  relays  on  a  few  sections  of  the  system. 
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The  data  of  the  settings  are  also  given.  The  current-time 
curves  of  sets  of  uni-directional  relays  in  a  ring  are  given  in 
Figs.  7a,  7b,  7c  and  7d  and  show  clearly  how  the  selectiveness 
of  operation  is  obtained  at  all  current  values.    It  will  be  noted 
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Fig.  7  c — Current-Time  Curves  of  Relays 


in  Fig.  6a  that  in  the  case  of  the  line  to  Lake  View  substation 
which  loops  through  an  industrial  installation,  the  rule  of  apply- 
ing the  balanced  relays  to  the  short  length  has  not  been  followed. 
In  cases  like  these  the  preference  for  the  balanced  relay  is  given 
to  the  section  nearest  the  generating  station,  even  though  this 


Fig.  7  d — Current-Time  Curves  of  Relays 


section  may  not  be  the  shortest,  the  reason  being  that  the 
balanced  relay,  having  a  practically  zero  time  setting,  would 
clear  a  fault  close  to  the  station  more  promptly  than  would 
a  relay  with  a  definite-minimum  time  setting 
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Substations.  The  bellows  overload  relays  on  the  high-tension 
side  of  substation  units  are  set  to  operate  at  a  minimum  flow  of 
approximately  two  and  a  half  times  rated  current,  to  operate 
in  two  seconds  on  three  and  a  half  times,  and  instantaneously 
on  five  times  rated  current.  On  synchronous  converters  the 
speed  limit  is  set  at  15  per  cent  over  speed.  Differential  relays 
on  substation  transformers  are  arranged  for  instantaneous  opera- 
tion and  are  shown  diagrammatically  in  Fig.  8.    The  12,000- 


Fig.  8 — Differential  Relay  on  substation  Transformer 


volt  primary  coils  of  these  transformers  are  delta  connected 
while  the  secondary  2300- volt  coils  are  star  connected  giving  a 
4000-volt  delta  pressure.  The  relays  on  the  4000-volt  feeders 
are  of  the  instantaneous  type  and  set  to  trip  at  three  times 
normal  load. 

There  is  a  considerable  number  of  minor  installations  of  pro- 
tective relays  on  the  system  not  covered  in  the  above,  but  for 
sake  of  brevity  and  because  they  have  no  features  of  special 
interest  they  have  here  been  omitted. 
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Discussion  on  "Relays  for  High-Tension  Lines"  (Torchio) 
and  "The  Protective  Relay  Equipment  of  the  System 
of  the  Commonwealth-Edison  Company"  (Schuchardt), 
Chicago,  III.,  March  9,  1917. 

H.  R.  Summerhayes:  We  may  be  sure  that  any  relay  scheme 
which  is  widely  adopted  on  the  two  systems  with  which  the 
authors  are  connected  has  not  only  been  scientifically  analyzed 
but  has  withstood  the  acid  test  of  experience. 

A  scheme  which  works  beautifully  on  a  smaller  system  often 
fails  when  subjected  to  the  enormous  rushes  of  current  due  to  a 
short  circuit  on  one  of  these  great  systems. 

These  papers  show  that  modern  relay  practise  is  approaching 
standardization. 

Both  engineers  use  on  the  generating-station  end  of  their 
transmission  lines  some  form  of  inverse-time-limit  overload  relay, 
protected  from  excessive  currents  in  the  relay  by  some  form  of 
saturating  reactance  or  magnetic  shunt.  At  the  substation  end 
of  parallel  feeders  both  use  a  unidirectional  or  reverse-current 
relay  with  inverse-time  overload  element  in  series,  which  takes 
care  of  most  of  the  trouble.  Both  admit  that  this  system  is 
not  perfect  by  using  on  their  shorter  and  more  important  tie 
lines  the  balanced  or  pilot-wire  protection  where  the  extra  invest- 
ment is  justified. 

Neither  shows  a  leaning  toward  the  twin-conductor  cable 
system.  It  would  be  interesting  to  learn  why  this  much  heralded 
'  foreign  scheme  has  not  been  used  either  by  Chicago  or  New  York. 

Both  started  with,  and  have  for  years  maintained,  a  strictly 
radial  system,  preferring  continuity  of  service  to  reduced  in- 
vestment; and  both  are  taking  advantage  of  the  modern  relay 
developments  to  work  towards  an  inter-connected  net  work 
with  its  great  saving  of  copper. 

The  remote  contingency  of  a  short  circuit  on  the  generating 
bus  or  substation  bus  is  left  to  the  operators  to  take  care  of; 
except  for  tie-line  relays  between  generator-bus  sections,  and 
certain  overload  relays  mentioned  by  Mr.  Torchio  in  Section  X, 
which  prevent  a  substation-bus  short  circuit  from  affecting  the 
whole  inter-connected  system. 

Commenting  on  Mr.  Torchio's  paper,  from  the  relay  curve, 
Fig.  4,  it  would  appear  possible  for  the  overload  relays  B  to 
trip  in  case  of  a  short  circuit  between  them  and  the  generating 
station,  if  it  exceeds  6000  amperes  through  these  lines.  The 
introduction  of  these  overload  relays  would  appear  to  make  the 
system  less  selective  for  cable  shorts  than  the  system,  Fig.  5c 
of  Mr.  Schuchardt,  but  to  give  better  protection  for  a  substation- 
bus  short  circuit. 

I  strongly  recommend  for  generator  protection  the  balanced 
or  differential-relay  protection  mentioned  by  Mr.  Torchio,  and 
already  used  by  Mr.  Schuchardt.  I  do  not  see  why  the  latter 
calls  this  the  Merz-Price  scheme,  since  it  is  only  the  ancient  and 
honorable  differential  relay  used  since  many  years  for  trans- 
former protection. 
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There  is  a  certain  tradition  that  says  that  no  automatic 
generator  protection  shall  be  used.  I  think  this  is  really  more 
of  a  tradition  from  the  old  days  when  the  relays  were  very 
unreliable  and  they  did  not  want  to  shut  down  the  generator 
because  the  relay  operated.  The  generators  of  that  time 
were  open  machines,  and  if  anything  happened  to  them 
the  operator  could  see  it  and  cut  it  off  and  put  out  the 
fire.  The  new  machines  are  enclosed;  the  operator  cannot  see 
the  trouble  until  too  late.  If  the  field  is  opened  the  generator 
may  run  for  a  long  time,  the  draft  of  air  keeps  on  and  trouble  in 
one  coil  may  cause  the  destruction  of  all  the  coils.  It  therefore 
appears  that  differential  relay  protection  should  be  installed  to 
cut  off  the  machine  instantly  on  the  appearance  of  internal 
trouble.  It  also  appears  that  steam  pipes  should  be  installed, 
steam  openings  by  which  the  operator  can  put  steam  into  the 
machine  to  put  out  the  fire,  and  arrangements  for  shutting  off 
the  draft. 

Ground  protection  relays  are  mentioned  by  Mr.  Torchio  in 
Appendix  C.  This  development  will  be  watched  with  great 
interest,  as  it  is  very  important,  either  on  grounded  or  un- 
grounded systems,  to  disconnect  a  grounded  cable  immediately, 
to  avoid  a  short  circuit  destructive  to  the  cable  and  its  neighbors, 
and  damaging  to  the  system. 

I  am  very  much  interested  in  Mr.  Schuchardt's  plan  for 
protecting  frequency  changers  tied  in  between  two  large  systems. 

Since  the  old  overload  relays  protect  the  machine  itself,  it 
must  be  that  the  proposed  changes  were  found  necessary  because 
the  switches  opened  too  often,  due  to  violent  fluctuations  of  load. 

As  these  systems  increase  in  size  there  are  certain  dangers  of 
tying  in  multiple  en  substation  bus  bars  a  number  of  heavy 
high-tension  cables  from  one  or  more  large  generating  stations. 
The  duty  of  the  substation  switches  may  be  thus  made  heavier 
than  those  at  the  generating  stations. 

Substation  bus  bars  in  such  cases  should  be  sectionalized  by 
reactors. 

Referring  to  the  maximum  time  limits  of  one  and  one-half  or 
two  seconds,  mentioned  in  both  papers,  I  understand  this  de- 
pends on  the  thermal  effect  of  the  current  on  the  cable  conduc- 
tors.   This  is  a  very  important  factor  in  large  stations. 

I  have  recently  made  some  calculations  which  show  that  for 
fifty  times  full-load  current,  the  temperature  rise  is  at  the  rate  of 
55  deg.  cent,  per  second,  and  for  one  hundred  times  current, 
220  deg.  cent,  per  second. 

Since  it  takes  a  conductor  several  minutes  to  cool  from  a 
temperature  of  220  deg.  to  100  deg.  cent.,  the  effect  is  not 
merely  momentary,  and  the  cable  insulation  may  be  permanently 
injured  if  the  conductor  rises  to  over  200  deg.  cent.  A  short 
circuit  starting  at  one  hundred  times  full  load  and  sustained  at 
forty  times  would  produce  a  temperature  rise  of  from  180  to 
200  deg.  cent,  at  the  end  of  two  seconds. 
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Such  high  values  are  possible  in  these  large  plants  when 
feeder  reactances  are  not  used,  and  the  injury  resulting  to  the 
insulation  may  account  for  subsequent  breakdowns. 

William  H.  Cole:  Mr.  Torchio  made  brief  reference  in  his 
paper  to  the  Boston  Edison  Company  as  being  a  user  of  split- 
conductor  cables.  While  I  cannot  tell  very  much  about  it  in 
five  minutes,  I  may  say  we  expect  this  summer  to  have  in  service 
at  least  sixty  miles  of  such  cable  protected  by  balanced  relays. 
Some  of  it  is  used  with  the  English  type  of  switch  gear;  the 
bulk  of  it,  however,  is  used  with  gear  we  have  developed  on  our 
own  system.  We  have  also  applied  the  balanced-current  princi- 
ple to  two  installations  of  parallel  feeders;  overhead  lines  in  one 
case  and  in  the  other  case  ordinary  three-conductor  cables.  The 
operating  experiences  we  have  had  in  the  last  three  or  four  years 
lead  us  to  believe  that  it  is  an  admirable  system  of  protection  for 
any  type  of  feeder  or  inter-connector.  We  believe,  furthermore, 
that-  it  lends  itself  to  the  growth  of  our  system,  that  is  to  say, 
we  do  not  have  to  re-arrange  such  protective  arrangements  from 
time  to  time,  as  would  be  necessary  with  some  of  the  other  types 
that  have  been  described  here  tonight. 

I  wish  to  point  out  to  anybody  who  may  be  particularly  in- 
terested in  split-conductor  cables,  that  they  must  consider  the 
whole  installation  as  a  unit,,  when  they  adopt  a  scheme  of  pro- 
tection, both  the  cable  and  the  operating  gear,  because  both  must 
be  considered  jointly.  Some  mistakes  have  been  made  in  the 
application  of  balanced  protection  to  split-conductor  cables, 
because  the  two  elements  were  not  considered  jointly.  This 
point  is  one  of  the  most  important  things  to  be  considered  in  any 
application  of  this  system. 

Mr.  Torchio  mentions  in  one  or  more  places  that  he  believes 
the  balanced  system  might  be  preferable  to  some  of  the  methods 
described,  particularly  in  new  installations.  In  a  large  system 
having  a  great  many  cables,  or  a  great  many  lines,  it  is  not  at  all 
necessary  to  use  split-conductor  cables  in  order  to  secure  the 
benefits  of  balanced  protection.  In  fact,  in  many  ways,  it  is 
preferable  not  to  invest  in  split-conductor  cables,  for  if  existing 
cables  of  the  ordinary  type  can  be  combined  with  balancing 
gear,  then  if  a  fault  occurs  in  one,  the  other  one  is  available  for 
use.  If  you  lose  a  split-conductor  cable  you  lose  the  entire 
capacity  between  the  two  points  as  represented  by  that  line. 

I  want  to  call  attention  to  a  type  of  relay  that  has  been 
recently  brought  to  our  attention,  a  relay  called  by  various  names 
— biased  relay,  percentage-differential  relay,  or  ratio-balance 
relay — which  is  designed  to  be  used  in  connection  with  lines 
which  are  operated  in  parallel  at  both  ends,  but  which  differ 
in  their  constants.  Such  lines  may  be  different  in  length, 
cross-section,  reactance  or  otherwise.  In  such  cases  these  lines 
themselves  set  up  relatively  large  differential  currents  under 
normal  conditions,  and  it  is  necessary  when  lines  of  this  type 
are  so  operated,  that  the  relay  system  be  non-operative  under 
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the  maximum  normal  differential  current  that  can  be  set  up 
on  the  occurrence  of  the  most  severe  through  short  circuit,  but 
without  change  of  adjustment  be  operative  on  a  fault  current, 
even  though  the  fault  differential  current  is  less  than  the  normal 
differential  current.  It  may  look  as  though  it  might  be  an 
impossible  thing  to  do;  however,  we  have  one  installation  in 
our  system  protected  with  this  type  of  relay  #which  operates 
with  entire  satisfaction. 

Edward  B.  Meyer:  I  think  it  would  be  well  to  say  just  a  few 
words  in  connection  with  the  split-conductor  cable  as  applied  to 
the  balanced  system  of°protection. 

During  the  past  year,  the  Public  Service  Electric  Company,  of 
New  Jersey,  has  installed  approximately  seven  miles  of  350,000 
cir.  mil.  sector-type  split-conductor  cable,  for  operation  at  13,200 
volts;  this  will  be  increased  to  ten  miles  during  1917.  The  cable 
is  manufactured  under  a  specification  which  provides  for  6/32 
of  an  inch  of  paper  insulation  over  each  conductor  and  6/32  of 
an  inch  paper-belt  insulation.  The  insulation  between  the 
inner  and  outer  split  of  each  conductor  is  5/64  of  an  inch,  which 
thickness  was  determined  more  or  less  arbitrarily  on  account 
of  the  fact  that  it  is  still  an  open  question  as  to  the  maximum 
potential  that  may  exist  between  the  inner  and  outer  conductor 
under  short-circuit  conditions,  and  as  to  what  is  best  practise 
both  for  voltage  and  mechanical  considerations. 

In  the  Public  Service  system,  reactances  are  placed  one  in 
each  split,  at  opposite  ends.  These  reactances  are  designed  to 
give  a  reactance  drop  of  about  twelve  per  cent  of  the  resistance 
drop  at  rated  current.  With  this  arrangement,  the  maximum 
voltage  difference  between  splits  during  an  end  fault,  it  is 
believed,  should  not  exceed  1000  volts,  which  difference  is 
constant  over  the  entire  length  of  the  cable. 

It  is  possible  with  other  schemes  to  have  higher  voltages  than 
that  just  stated. 

The  cost  of  the  cable  is  from  ten  to  fifteen  per  cent  higher  and 
the  cost  of  the  jointing  twenty-five  per  cent  higher,  than  for  the 
ordinary  type  of  cable,  in  which  the  individual  conductors  are 
not  split,  but  this  additional  expense  appears  warranted,  par- 
ticularly on  important  tie  feeders. 

It  is  usual  in  installing  split-conductor  cables  to  transpose  the 
inner  and  outer  splits  of  each  conductor  at  intervals  throughout 
the  length  of  the  line,  making  the  resistance  and  reactance  of 
the  two  splits  substantially  equal. 

It  appears  that  information  is  still  lacking  as  to  the  carrying 
capacity  of  split-conductor  cable  as  compared  with  the  usual 
type  of  cable;  from  one  point  of  view  the  carrying  capacity 
should  be  greater  on  account  of  the  larger  over-all  diameter,  and 
the  larger  conductor  radiating  surface;  but  on  the  other  hand, 
due  to  the  fact  that  the  heat  generated  in  the  inner  split  must 
pass  through  the  insulation  between  splits,  as  well  as  the  over-all 
insulation,  the  carrying  capacity  of  the  cable  may  be  reduced. 
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Since  the  current  carrying  capacity  of  any  cable  depends  entirely 
on  the  conditions  under  which  it  operates,  the  Public  Service 
Electric  Company,  in  order  to  be  conservative,  has  given  split- 
conductor  cables  the  same  rating  as  solid-conductor  cables. 

L.  N.  Crichton:  In  discussing  protective  relays,  it  would  be 
interesting  to  hear  from  the  operating  engineers  present,  as  to 
what  they  consider  an  interruption,  that  is,  how  long  they  feel 
that  the  power  can  be  off  a  piece  of  apparatus  or  off  the  system, 
or,  in  other  words,  how  long  a  short  circuit  can  be  held  on  with- 
out causing  an  unreasonable  amount  of  load  to  be  lost.  It  seems 
to  be  the  prevailing  opinion  that  two#or  three  seconds  is  the 
maximum  time  which  can  safely  elapse  before  a  short  circuit  is 
cleared.  Several  years  ago,  a  number  of  tests  were  made  to  see 
how  long  the  power  could  be  cut  off  induction  motors  without 
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causing  them  to  slow  down  to  such  a  point  that  they  would  not 
readily  come  back  to  full  speed  when  the  power  was  restored. 
The  motors  were  rated  at  about  200  h.p.,  and  were  driving  a 
mixed  load  consisting  principally  of  rock  crushers.  It  was  found 
that  the  power  could  not  safely  be  removed  for  more  than  three 
seconds,  the  danger  being  not  that  the  motors  would  stall,  but 
rather  that  the  belts  and  clutches  between  the  motor  and  the 
load  would  not  stand  the  sudden  increase  in  speed,  which  re- 
sulted when  the  power  was  restored  at  full  voltage. 

The  necessity  for  clearing  trouble  within  a  short  time  has 
been  given  as  an  objection  to  the  use  of  time-limit  relays,  and 
partly  because  of  this  objection,  two  balanced  schemes  have  been 
introduced  quite  extensively  in  England,  and  one  or  two  modi- 
fications of  these  schemes  are  in  use  in  this  country.  I  refer  to 
the  pilot-wire  system  and  the  split-conductor  system.    Both  of 
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these  schemes  appear  to  be  giving  good  service,  the  one  objection 
to  them  being  that  they  will  not  operate  in  case  of  trouble  on 
the  bus  bars  at  the  switching  stations.  There  has  recently  been 
introduced  in  this  country  a  balanced  scheme  which  does  not 
require  the  use  of  special  cables  or  pilot  wires,  and  which  in  its 
results  is  essentially  the  same  as  either  of  these  two  schemes, 
when  it  can  be  applied  to  a  system  having  a  number  of  duplicate 
feeders  between  each  switching  station.  It  consists  in  the  use 
of  reverse-power  relays  which  are  connected  as  shown  in  Fig.  1. 

It  will  be  observed  that  when  the  current  is  balanced  in  all 
the  parallel  feeders,  there  will  be  no  flow  of  current  through  any 
of  the  relays.  Whenever  a  short  circuit  occurs  on  any  of  the 
cables,  the  relays  at  both  ends  of  the  defective  cable  operate  to 
clear  the  cable,  by  reason  of  the  fact  that  they  are  carrying  an 
excessive  current,  and  also  because  the  flow  of  power  is  away  from 
the  bus  bars.    A  similar  scheme  might  be  applied  to  two  parallel 
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Fig.  2 — Double  Contact  C  R  Relay  Applied  to  Duplicate  Feeders 
— Current  Transformer  Shown  in  Only  One  Phase — Potential 
Circuit  Omitted 


cables,  but  it  is  more  convenient  to  use  a  reverse-power  relay 
having  double  contacts,  and  arranged  as  shown  in  Fig.  2.  Either 
of  these  schemes  can  be  applied  to  parallel  feeders  which  form 
a  part  of  a  complicated  net  work,  and  experience  for  the  past 
two  years  has  shown  that  they  will  give  excellent  service  under 
practical  operating  conditions.  It  is  theoretically  possible  to 
set  the  relays  so  lightly  that  they  will  operate  on  very  small 
unbalanced  currents,  but  operating  difficulties  are  liable  to  be 
encountered  if  such  a  setting  is  made,  and  there  is  in  general  no 
object  in  adjusting  relays  to  operate  on  currents  which  are 
smaller  than  those  normally  obtained  during  times  of  short 
circuit. 

The  description  of  this  method  of  balancing  relays  immediately 
brings  up  for  discussion  the  general  question  of  the  construction 
and  application  of  reverse-power  relays.  Until  comparatively 
recently,  there  was  no  satisfactory  reverse-power  relay  on  the 
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market,  and  furthermore,  the  conditions  necessary  for  the  cor- 
rect application  of  such  relays  were  not  fully  understood.  The 
practise  which  has  been  recently  established  in  relay  construction 
is  to  use  a  sensitive  device  of  the  nature  of  a  contact  making 
wattmeter  which  will  indicate  the  direction  in  which  the  power  is 
flowing  towards  a  short  circuit,  and  to  connect  an  excess  current 
relay  in  series  with  this  device  so  that  the  circuit  breaker  can  not 
be  tripped  except  during  times  of  trouble.  It  is  customary  to 
apply  time  limit  to  the  excess-current  device  so  that  the  relays, 
therefore,  have  three  separate  and  independent  adjustments; 
namely,  direction,  magnitude  of  current,  and  time.  The  prob- 
lems connected  with  the  excess-current  element  are  compara- 
tively simple,  but  the  watt  element  is  still  the  subject  of  con- 
siderable discussion,  and,  therefore,  an  explanation  of  some  of 


Fig.  3 — Reverse-Power  Relays — Methods  of  Applying 


the  phenomena  connected  with  the  application  of  reverse-power 
relays  seems  to  be  in  order.  The  conventional  diagram  which 
is  used  to  illustrate  the  application  of  reverse-power  relays  is 
shown  in  Fig.  3.  It  is  usually  stated  that  when  a  short  circuit 
occurs  at  the  point  marked  X,  the  power  will  flow  away  from  the 
substation  bus  bars  into  the  bad  line.  As  an  actual  fact,  how- 
ever, the  total  polyphase  power  flow  will  frequently  not  be 
reversed  when  an  unbalanced  short  circuit  occurs.  In  other 
words,  power  may  be  reversed  only  in  the  affected  phases. 
Assume  that  the  relays  on  the  lines  at  the  substation  end  are 
capable  of  accurately  measuring  the  magnitude  of  the  power 
flowing,  i.e.  that  they  are  true  polyphase  wattmeters.  If  two  of 
the  conductors  are  short-circuited,  the  relay  will  be  influenced 
Sy  that  power  which  is  flowing  in  the  reverse  direction  equal  in 
ount  to  the  loss  in  the  conductors  between  the  relay  and  the 
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trouble.  On  the  other  hand,  the  load  at  the  substation  is  still 
drawing  power  over  the  bad  line  as  well  as  the  good  one,  and 
the  relay  will,  of  course,  be  also  acted  upon  by  this  power.  The 
result  of  this  condition  is  that,  although  the  short-circuit  current 
may  be  very  heavy,  the  actual  power  loss  occurring  in  the  con- 
ductors may  be  small  whereas  the  load  on  the  substation  may  be 
large.  Any  polyphase  relay  which  is  acted  upon  by  the  total 
power  in  the  circuit  cannot,  therefore,  be  expected  to  give  satis- 
factory service. 

Several  suggested  methods  of  connecting  reverse-power  relays 
are  shown  in  Fig.  3,  and  tests  have  been  made  which  show 
their  relative  merits.  A  polyphase  relay  having  three  elements  is 
shown  at  a  and  can  not  operate  satisfactorily  for  the  reasons 
just  mentioned.    A  polyphase  relay,  consisting  of  two  elements, 


3 


3000 

2500 

2000 
1500 
1000 
500 

-£BC  

\B  and  S 

Metallic 
Short  Circuit 

J     f  ~~ 

0 

r  Load  * 

7.8*  Voltage 
"acroat  arc 

[a  acroai  arc 

50*  VoHa 

D           1  J 

(345 

distance  from  substation—  miles 

Fig.  4 — Two-Element  Polyphase  Reverse-Power  Relay — Un- 
grounded Neutral  System — Two  Wirfs  Short-Circuitbd 


arranged  and  connected  according  to  the  practise  ordinarily 
followed  in  connecting  up  polyphase  meters  cannot,  strictly 
speaking,  be  said  to  measure  the  total  power  flowing  in  a  line 
when  there  is  an  unbalanced  short  circuit,  because  the  sum  of  the 
currents  in  three  wires  does  not  necessarily  equal  zero.  The 
action  of  a  relay  of  this  type,  when  only  two  wires  are  short- 
circuited,  depends  upon  which  pair  of  wires  is  involved.  The 
curves  in  Fig.  4  show  the  action  of  the  relay  under  various  kinds 
of  loads,  and  with  the  short  circuits  placed  at  varying  distances 
from  the  substation  bus  bars.  The  tests  were  made  on  an  arti- 
ficial system  which  represented  a  pair  of  lines  each  consisting  of 
a  4/0  cable  six  miles  long.  These  tests  were  made  by  placing 
the  short  circuit  on  the  line  at  the  point  shown  in  Fig.  3,  and 
then  varying  the  load  until  the  polyphase  wattmeter  read  zero. 
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The  short  circuit  was  then  removed  and  the  load  current  mea- 
sured. The  vertical  ordinates  on  the  curve  indicate  the  number 
of  times  the  short-circuit  current  exceeded  the  load  current  to 
make  the  wattmeter  read  zero.  If  the  short-circuit  current  is 
less  than  this  value,  the  wattmeter  will  not  reverse;  therefore 
the  relay  system  will  not  clear  the  trouble.  It  will  be  observed 
that  when  the  trouble  occurs  close  to  the  substation,  the  short- 
circuit  current  must  reach  an  excessive  value  before  the  relay 
can  be  certain  to  operate.  With  the  test  arrangement  available, 
it  was  impossible  to  determine  the  values  of  some  of  the  curves 
with  trouble  placed  nearer  than  one-half  mile  to  the  substation, 
but  it  appears  that  on  most  actual  installations  of  relays,  it  would 
be  impossible  to  expect  such  an  arrangement  to  operate,  if 
trouble  is  nearer  to  the  substation  than  one-quarter  mile.  It 
will  be  observed  that  the  conditions  are  sometimes  more  favorable 
towards  relay  operation  when  the  load  consists  of  induction 
motors.    This  is  because  the  motors  attempt  to  balance  up  the 
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voltage  on  the  various  phases,  and  as  a  result,  actually  furnish 
power  to  the  short  circuit.  On  the  other  hand,  the  motors,  in 
their  attempt  to  balance  up  the  voltages,  draw  an  excessive 
amount  of  power  from  the  good  phases  which  has  a  tendency 
to  prevent  the  relays  from  operating.  The  unequal  effect  of 
these  two  circumstances  is  the  probable  cause  of  the  crossing  of 
the  two  sets  of  curves.  It  is  obvious  that  if  the  short  circuit  has 
a  high  resistance  such  as  might  be  caused  by  an  arc,  the  relays 
would  be  better  able  to  operate.  Two  curves  are  shown 
where  the  short  circuit  consisted  of  an  arc  between  carbon  elec- 
trodes. 

Pig.  5  shows  a  similar  set  of  curves  made  with  a  wattmeter 
having  two  elements,  but  with  the  current  coils  split  as  shown  at 
c  in  Fig.  3.  This  is  the  type  of  wattmeter  which  is  frequently 
used  in  measuring  power  on  a  four-wire  circuit.  It  will  be  seen 
from  the  curves  that  a  relay  constructed  on  this  principle  will 
give  better  service,  but  will  nevertheless  fail  under  many  prac- 
tical conditions. 
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In  the  past,  it  has  been  customary  to  employ  single-phase 
relays  with  the  potential  coils  connected  in  star,  as  shown  in 
d  on  Fig.  3.  The  objection  to  this  scheme  is  that  when  two  of 
the  wires  are  short-circuited,  one  of  the  relays  is  liable  to  operate 
backwards.  This  may  result  in  tripping  out  the  good  line  as 
well  as  the  bad  line  at  the  substation  end.  The  reason  for  the 
reversal  of  one  of  the  relays  is  shown  by  the  vector  diagrams  at 
/  and  g  in  Fig.  3.  This  diagram  represents  the  conditions  in 
the  good  line  and  it  will  be  observed  that  the  distortion  of  the 
voltage  triangle  has  caused  the  current  in  the  C  phase  to  lag 
more  than  90  degrees  behind  the  voltage,  with  the  result  that  the 
wattmeter  or  relay  which  utilized  this  current  and  voltage  will 
operate  in  the  wrong  direction.  It,  therefore,  appears  that  a 
polyphase  reverse-power  relay  is  liable  to  fail  by  not  opening 
either  of  the  lines  and  that  single-phase  relays  connected  in 
star  are  liable  to  fail  by  opening  both  of  them.  This  is  the 
result  which  has  been  experienced  in  practise.  Both  these 
troubles  can  be  overcome  by  using  single-phase  relays  and 
connecting  them  with  their  potential  coils  in  delta.  The  po- 
tential vector  is  chosen,  which  at  unity  power  factor  lags  thirty 
degrees  behind  the  current,  and  therefore,  any  lag  in  the  current 
which  is  sure  to  occur  during  short  circuit  will  be  in  the  proper 
direction  to  give  maximum  torque  on  the  relay. 

Reverse-power  relays  are  now  manufactured  which  will  operate 
positively  on  one  or  two  per  cent  of  normal  voltage  and  recent 
experience,  as  well  as  numerous  tests,  has  shown  that  this  de- 
gree of  sensibility  is  sufficient  to  insure  the  correct  operation  of 
v  the  relays  under  practically  all  operating  conditions.  Whenever 
a  short  circuit  occurs  between  only  two  wires,  or  between  one 
wire  and  ground,  low  voltage  cannot  exist  on  all  the  relays,  and 
when  all  three  wires  are  short-circuited,  there  is  invariably  suf- 
ficient voltage  across  the  arc  so  that  the  relays  can  discriminate 
even  if  the  trouble  is  right  at  the  bus  bars*  The  only  possible 
case  of  failure  is,  therefore,  a  three-phase  metallic  short  circuit 
at  the  bus  bars,  which  condition  cannot  be  obtained  on  any 
except  small  systems  having  insufficient  capacity  to  burn  off 
the  short  circuit  and  start  an  arc. 

In  conclusion,  I  would  like  to  point  out  the  fact  that  the 
phrase  "normal  direction  of  power"  and  the  term  "reverse- 
power  relay"  have  proved  stumbling  blocks  to  many  engineers 
who  were  contemplating  a  complete  system  of  automatic  sec- 
tionalizing.  In  treating  such  problems  it  should  be  borne  in 
mind  that  the  direction  in  which  power  normally  flows  through 
the  circuit  has  very  little  to  do  with  the  selection  and  adjustment 
of  relays.  The  question  which  must  be  determined  is  in  what 
direction  does  the  power  flow  when  a  short  circuit  occurs?  If 
the  source  of  power  is  fixed,  the  system  can  ordinarily  be  sec- 
tionalized  by  means  of  reverse-power  and  definite-time-limit 
relays.  On  the  other  hand,  if  the  source  of  power  is  not  fixed, 
that  is,  if  there  are  a  number  of  generating  stations  on  the  sys- 
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tem  which  may  be  cut  into  or  out  of  service,  it  may  be  necessary 
to  resort  to  a  balanced  scheme. 

J.  R.  Craighead:  In  Mr.  Torchio's  paper  he  made  reference 
to  the  performance  of  current  transformers  used  with  selective 
relays  when  subjected  to  high  overloads.  This  has  in  some 
cases  an  important  influence  on  selectivity. 

The  ratio  curve  of  a  good  current  transformer  under  normal 
conditions  is  ordinarily  of  the  general  * shape  shown  in  Fig.  6. 
The  reason  for  its  comparative  flatness  is  that  for  ordinary  meter- 
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Pig.  6 — Ratio  of  Current  Transformer  Under  Normal  Conditions 


ing  and  instrument  purposes  we  do  not  use  the  full  range  of  which 
the  transformer  is  capable,  on  account  of  accuracy  requirements. 

When  we  push  the  current  on  the  transformer  to  higher 
points,  this  curve  turns  upward  after  the  density  in  the  core 
passes  the  point  of  maximum  permeability,  and  when  it  does 
turn  upward  it  goes  at  a  rather  rapid  rate,  eventually  reaching 
a  point  of  complete  saturation,  at  which  the  secondary  current 
hardly  increases  at  all  for  further  increase  of  primary  current, 
but  at  which  the  phase  position  of  the  secondary  current  recedes 
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Fig.  7 — Ratio  of  Current  Transformer  Under  Heavy  Overload 

Currents 

a,  b,  c  and  d  represent  successively  increasing  steps  of  volt-ampere  load 


further  and  further  from  the  primary  current.  (See  Fig.  7.) 
In  transformers  that  are  pushed  to  the  absolute  limit,  phase 
angles  as  large  as  40  to  50  degrees  between  the  position  of  the 
primary  current  and  the  position  of  the  reversed  secondary 
current  are  readily  obtained.  The  point  where  the  curve  com- 
mences to  turn  upward  is  determined  by  the  amount  of  secondary 
load,  which  is  connected  to  the  transformer.  If  the  transformer 
has  a  very  low.  secondary  connected  load  the  ratio  curve  will  start 
somewhat  lower,  and  will  not  turn  up  until  it  gets  out  to  a  very 
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extreme  current.  It  is  possible  to  load  good  transformers  as 
high  as  twenty  to  thirty  times  normal  current  and  still  have 
only  from  five  to  ten  per  cent  change  in  ratio  by  making  the 
secondary  connected  load  very  low.  If  the  secondary  connected 
load  is  very  high,  the  curve  may  be  rising  at  the  full-load  current, 
and  turn  upward  sharply  beyond,  so  that,  evfen  at  twice  or 
three  times  the  load  it  may  show  changes  of  from>ten  to  one 
hundred  per  cent  in  ratio. 

Now,  as  applied  to  selective  relays,  this  means  that  the  shape 
of  the  curve  of  the  selective  relay  when  you  get  to  the  point 
where  this  happens  is  decidedly  affected  by  the  transformer. 
In  general,  the  tendency  is  to  flatten  the  curve  of  the  selective 
relay.  It  does  not  reach  the  point  of  turning  up  again  due  to 
the  transformer,  for  the  reason  that  the  secondary  current  of 
the  transformer  never  diminishes;  no  matter  how  far  out  you 
push  the  increase  of  primary  current,  the  secondary  current  is 
still  slightly  increasing,  but  only  slightly. 

Mr.  Schuchardt  gave  some  illustrations,  showing  that  the 
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Fig.  8 — Relation  of  Inverse  and  Definite-Time-Limit  Relays 

definite-time-limit  relay  on  a  series  of  stations  tends  to  pile  up 
the  time  delay  necessary  in  the  generating  station,  and  he  showed 
specific  means  in  use  on  his  lines  for  keeping  the  time  down 
by  the  use  of  balanced  systems  to  cut  out  certain  parts  of  the 
feeder. 

There  is  another  means  by  which  in  general  the  time  can  be 
kept  somewhat  lower  on  these  arrangements.  By  the  substi- 
tution of  a  suitable  inverse-time-limit  relay  for  the  definite- 
time-limit  relay,  the  time  of  the  relay  nearest  the  fault  tends  to 
be  relatively  less  and  that  of  those  further  removed  from  the 
fault  relatively  greater,  particularly  where  much  synchronous 
apparatus  is  connected.  Thus  a  safe  differential  may  be  secured 
between  the  successive  relays  with  closer  settings  than  when  the 
time  of  each  relay  is  definite. 

An  inverse-time-limit  relay  is  equivalent  to  a  combination  of 
a  number  of  definite-time-limit  relays  set  for  varying  currents 
and  different  times.  Referring  to  Fig.  8,  suppose  five  definite- 
time-limit  relays  at  the  same  point  on  a  system  are  set  for 
amounts  of  5,  6,  8,  11  and  15  amperes,  and  for  times  of  4,  3,  2, 
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1  and  0.5  seconds  respectively.  Evidently  with  any  current 
above  6  amperes  and  below  8,  tripping  will  occur  in  3  seconds; 
between  8  and  11  amperes,  in  2  seconds,  etc.  Evidently  an 
inverse  relay  which  has  a  time-current  curve  represented  by  the 
dotted  line  accomplishes  the  same  function  as  an  infinite  number 
of  definite-time-limit  relays  with  settings  such  as  indicated. 

When  the  study  of  a  system  shows  a  certain  time-current 
curve  to  be  desirable,  it  is  not  always  possible  to  secure  a  relay 
which  will  give  the  desired  result.  In  the  curves  given  in  the 
paper  the  slope  of  the  first  part  is  so  sharply  downward  that  an 
undue  share  of  the  possible  selective  time  difference  is  wasted  in 
a  very  small  increase  of  current.  A  curve  approximating  more 
nearly  a  straight  line  maintains  selectivity  through  a  greater  range 
of  currents  with  less  total  time  setting.  It  can  be  applied  to 
practically  any  of  these  circuits  we  have  been  speaking  of  and 
can  somewhat  diminish  the  actual  time  to  be  set  without  di- 
minishing the  separation  between  the  various  successive  switches 
that  are  to  be  tripped. 

O.  C.  Traver:  It  is  very  gratifying  to  note  that  both  the 
New  York  Edison  and  the  Commonwealth  Edison  companies  are 
devoting  considerable  time  and  energy  in  order  to  properly 
apply  relays  to  the  lines  of  their  systems.  I  believe  it  would 
pay  every  large  operating  company  to  keep  a  well  paid  expert 
continually  at  work  on  this  problem.  Generally  speaking,  by 
proper  investigation  and  application,  the  most  unattractive  and 
low  priced  relays  can  be  made  to  do  as  good  or  better  work  than 
the  highest  priced  devices  on  the  market  are  capable  of  doing  as 
applied  in  some  cases.  Greater  investment  along  these  lines 
will  yield  good  dividends. 

Mr.  Schuchardt  spoke  of  relays  having  almost  human  in- 
telligence. Our  president  tonight  used  the  same  reference. 
Human  intelligence  is  available  for  correct  application  of 
relays.  I  believe  it  advisable  to  use  it  here  as  well  as  to  expect 
it  in  the  relay  as  suggested  by  Mr.  Schuchardt.  For,  gentlemen,  • 
if  we  could  endow  a  device  with  human  intelligence  and  then 
add  animal  instinct  and  woman's  intuition,  all  three  of  the 
highest  order,  we  would  yet  come  far  short  of  what  is  generally 
desired  of  a  relay.  If  we  would  allow  a  relay  as  much  time  as 
is  required  by  human  intelligence  to  act,  it  would  do  its  work 
with  a  fraction  of  the  errors  occasioned  by  human  action.  In 
fact,  a  relay's  work  lies  in  the  superhuman  class. 

I  am  very  glad  to  see  that  Mr.  Torchio  has  defined  his  terms 
at  the  beginning  of  his  paper.  This  eliminates  misunderstand- 
ing. As  an  example,  many  of  us  are  accustomed  to  terming  the 
load  feeder  connecting  the  substation  with  a  customer  or  actual 
load,  as  a  radial  feeder.  That  is,  the  last  link  in  the  line  to  the 
load  or  customer,  would  be  called  a  radial  feeder.  As  you  re- 
member, Mr.  Torchio  referred  also  to  a  trunk  feeder  or  the  con- 
nection between  busses  back  to  the  generating  station  as  a 
radial  feeder.    Mr.  Torchio's  care  to  forewarn  us  completely 
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obviated  any  difficulty.  Some  standardization  of  these  terms, 
however,  might  well  be  undertaken  by  the  Institute. 

I  believe  both  Mr.  Torchio  and  Mr.  Schuchardt  are  relaying 
particularly  for  break-downs  on  their  system.  I  am  sorry  to 
say  that  a  large  number  of  operating  companies  have  not  yet 
come  to  this  way  of  protection.  I  believe  it  to  be  the  proper 
one  wherever  overload  relays  are  used. 

Mr.  Torchio  referred  to  the  Merz-Price  system  in  a  way 
which  leads  me  to  believe  that  he  had  also  in  mind  a  system 
fathered  by  Mr.  Hunter,  also  of  England,  although  the  description 
by  Mr.  Torchio  would  apply  equally  well  to  either  one. 

I  notice  in  both  papers  the  use  of  the  terms  reverse-power 
relays  and  reverse-energy  relays  and  unidirectional  relays.  Here, 
again,  I  would  suggest  that  it  would  be  worth  while  for  all  to 
get  together  and  use  the  same  terms  so  there  would  be  no  mis- 
understanding.   Sometimes  I  feel  it  would  be  preferable  to  use 


Fig.  9 


the  simple  term  directional  relay,  on  account  of  the  fact  that 
the  relay  may  be  called  upon  to  operate  in  case  of  power  flowing 
in  either  direction,  such,  for  instance,  as  in  the  case  just  shown 
by  Mr.  Crichton  on  the -screen,  viz:  a  relay  having  two  contacts, 
closing  one  in  the  event  of  power  in  one  direction  and  the  other 
in  the  event  of  power  in  the  opposite  direction. 

With  reference  to  the  question  of  polyphase  relays,  what  Mr. 
Crichton  has  said  tonight  I  agree  with  completely.  So  far  as 
I  know,  all  the  large  companies  have  given  up  the  use  of  the 
in-phase  connection  shown  by  him  on  the  screen. 

I  would  like  to  bring  out  in  a  little  more  detail  the  advantages 
of  one  of  the  comparatively  new  methods  of  directional  or  re- 
verse-power relay  connection. 

Referring  to  Fig.  9,  a,  b  and  c,  represent  the  voltage  triangle 
of  a  three-phase  circuit,  in  which  circuit,  at  unity  power  factor 
A- A '  is  the  current  in  phase  A 
B  $ r  1 1  1 1       "      ' 4     *  *  B 
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In  most  wattmeters  and  directional  relays  maximum  torque 
is  obtained  when  the  current  and  potential  are  in  phase — I  will 
confine  myself  herein  to  this  type  of  relay,  and  for  the  purpose 
of  brevity,  I  will  omit  all  discussion  concerning  the  failure  of 
earlier  forms  of  connections. 

If  now  .we  consider  the  current  A  —A '  it  is  desirable  to  obtain 
for  use  with  it  a  voltage  of  approximately  the  same  phase  direc- 
tion as  A —A1  For  the  proper  results  this  potential  phase  di- 
rection should  remain  reasonably  fixed  even  with  the  most 
severe  distortion  of  the  voltage  triangle  under  conditions  of 
single-phase  short  circuit.  Potential  B—C  is  90  deg.  out  of 
phase  with  A— A',  therefore  if  we  displace  B  —  C  90  deg.  the  dis- 
placed potential  will  be  in  phase  with  A—A'.  The  use  of  such 
a  potential  would  result  in  maximum  torque  at  unity  power 
factor. 

Serious  faults,  however,  almost  invariably  result  in  lagging 
current.  Instead  of  displacing  B  —  C  90  deg.  then,  if  we  displace 
it  as  shown  by  B*  —  Ca  our  maxi-  ,B« 


At  —  Be  is  the  displaced  potential 

A—B  and  it  is  used  in  connection  with  current  C—C. 

This  is  what  I  would  call  "connected  in  quadrature". 

We  now  investigate  the  condition  resulting  from  a  single- 
phase  short  circuit. 

Fig.  10  represents  the  vector  relations  of  the  various  currents 
and  potentials  in  such  a  case.  For  simplicity  and  clearness 
unity  power  factor  will  be  assumed. 

It  will  be  observed  that  the  displaced  potential  Ba  —  Ca  again 
slightly  lags  behind  the  current  A— A'.  Not  only  is  the  vector 
relation  good  but  the  potential  is  nearly  at  full  value,  a  very 
valuable  combination.  The  same  is  also  true  concerning  the 
short-circuit  current  C—C  and  its  companion  potential  A  c  —Bc. 

Even  in  the  case  of  the  third  phase  which  is  not  greatly  af- 
fected by  the  fault,  the  relation  of  potential  and  current  is  still 
correct. 

If  we  consider  a  dead  single-phase  short  circuit  between 
A  and  C,  then  potential  A  —B  will  be  superimposed  on  potential 
B—C.  The  phase  relationship  of  the  connections  to  the  relay 
coils  is  still  correct  and  operation  thereby  safeguarded  even  with 
zero  potential  across  the  short-circuited  phase. 


mum  torque  will  be  available  with 
a  certain  degree  of  lagging  power 
factor.  So — 

Ba—  Ca is  the  displaced  potential 


Cb—Ab  is  the  displaced  potential 

C  —  A  and  it  is  used  in  con-  1 


B—C  and  it  is  used  in  con- 
nection with  current  A  — 
A'. 


nection  with  current  B  — 
B'. 


Fig.  10 
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For  a  single-phase  load  and  no  distortion  of  the  voltage  triangle, 
a  maximum  relative  variation  of  30  deg.  between  the  current 
and  potential  is  pdssible.  The  amount  of  distortion  under  such 
conditions  is  entirely  harmless. 

This  method  of  quadrature  connection  is  now  used  exclusively 
by  one  of  the  large  manufacturing  companies  for  both  dyna- 
mometer and  induction  types  of  directional  relays. 

In  the  polyphase  relay  as  it  is  now  being  exploited,  three 
elements  are  used;  three  absolutely  separate  and  individual 
elements  excepting  that  they  are  all  working  together  on  one 
common  shaft.  It  consists  then,  of.  three  single-phase  relays 
working  on  the  same  shaft.  Current  and  potential  are  again 
connected  in  quadrature  as  described  above.  From  these  dia- 
grams it  is  seen  that  each  individual  phase  of  that  relay  will 
operate  properly-  so  that  there  is  no  particular  tendency — there 
seems  to  be  no  tendency  whatever — for  any  one  of  the  three  phases 
to  work  incorrectly.  So,  if  you  can  get  power  enough  to  operate 
a  single-phase  relay  you  will  have,  in  general,  three  times  as 


wrong.  We  have  to  be  particularly  careful  if  we  use  the  poly- 
phase relay  on  a  system  with  grounded  neutral.  That  is  be- 
cause of  a  tendency,  sometimes  in  the  case  of  a  ground,  to  cause 
power  to  flow  in  one  direction  over  one  wire,  and  in  the  opposite 
direction  over  the  other  two  wires.  This  difficulty  in  a  large 
number  of  cases,  can  be  overcome  by  proper  connection  of  the 
relays,  as  Mr.  Torchio  has  brought  out  in  his  paper,  viz.,  by 
inter-connecting  them.  By  such  inter-connection,  the  power 
current  which  would  cause  the  trouble,  is  balanced  out  so  that 
simply  the  fault  current  is  left  to  work  in  the  relays. 

I  would  like  to  say  just  a  word  in  regard  to  inverse-time- 
limit  relays.  Mr.  Craighead  mentioned  the  fact  that  the  shape 
of  the  curve  was  limited..  I  think  that  I  am  perfectly  safe  in 
saying  that  the  shape  of  the  curve  is  limited  by  the  price  that 
you  are  willing  to  pay  for  the  relay.  I  do  not  think  that  it 
would  be  at  all  impossible  or  difficult  to  obtain  a  relay  which 
will  do  the  work  you  want,  if  you  want  it  badly  enough. 

I  would  like  to  give  one  example  of  how  an  inverse-time-limit 
relay  would  be  of  greater  value  than  a  definite-time-limit  relay. 


Fig.  11 — Theoretical  Time-Current 
Curve 
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much  power  to  operate  the 
polyphase  relay.  In  the  case 
of  a  single-phase  short  circuit 
we  have,  in  two  elements, 
large  currents  working  in  good 
phase  relationship  with  large 
potentials.  These  two  ele- 
ments provide  many  times 
more  power  than  is  needed, 
so  that  there  seems  no  chance 
under  the  sun  for  the  relay 
to  go  wrong  in  such  a  case. 


Now,  do  not  misunderstand 
me  when  I  say  no  chance  to  go 
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If  you  take,  for  instance,  two  links  of  one  circuit  which  may  be 
in  tandem  or  in  series  with  one  another;  the  one  farther  from  the 
generating  station,  is  equipped  with  a  current  transformer  whose 
ratio  is  one-half  of  that  of  the  one  nearer  by,  or  if  the  current 
setting  of  the  relay  farther  from  the  station  is  one-half  that  of 
the  relay  near  the  station,  it  is  perfectly  evident  that  the  actual 
current  in  the  farther  relay,  in  case  of  a  short  circuit  beyond  it, 
will  be  proportionately  twice  as  great  as  the  one  near  the  station. 
Now  supposing  we  lay  out  a  theoretical  curve,  as  in  Fig.  11. 

For  this  theoretical  curve  we  will  assume  that  each  time  the 
current  is  doubled,  the  time  will  be  reduced  t  seconds,  which  is 
that  amount  of  time  necessary  to  give  selective  action  between 
two  circuit  breakers. 

Inasmuch  as  the  relay  nearest  the  fault  always  gets  the 
equivalent  of  two  times  the  current  in  that  relay  next  farther 
back  toward  the  source,  the  difference  in  time  of  the  two  relays 
will  always  be  t  seconds  and  selective  operation  will  result  in 
every  case  providing,  of  course,  proper  setting  is  made  so  that 
time  can  never  be  less  than  t,  excepting  for  trouble  in  the  im- 
mediate section. 

If  there  is  enough  current  through  the  system  to  be  seriously 
dangerous,  the  time  would  be  down  to  so  low  a  value  that  there 
would  be  no  necessity  of  using  the  extra  instantaneous  overload 
relay  spoken  of  by  Mr.  Schuchardt. 

A.  A.  Meyer:  Summing  up  Mr.  Torchio's  paper,  I  find  that  in 
all  of  the  schemes  of  connection,  overload  relays,  usually  reverse- 
time-limit  with  graded  settings,  are  used  in  all  outgoing  feeders, 
and  overload  relays  in  connection  with  reverse-power  relays  on 
incoming  feeders.  This  is  true  in  both  radial  and  parallel  oper- 
ated lines. 

He  has  made  a  number  of  classifications  which  apparently  are 
only  combinations  of  the  two  fundamental  schemes  of  operating 
lines,  viz.  radial  or  parallel.  I  cannot  appreciate  the  value  of  his 
classification  and  I  believe  if  each  operating  engineer  will  take 
his  own  system  and  try  to  fit  it  into  one  or  the  other  of  the  di- 
visions, he  will  find  that  his  particular  system  may  be  the  same 
in  many  respects,  yet  considerably  different  than  any  one  of  the 
types  indicated  in  Mr.  Torchio's  paper.  Also,  I  do  not  think 
that  Mr.  Torchio  meant  to  infer  that  the  examples  which  he 
cited  under  those  headings  are  particularly  the  best  schemes  of 
relay  connections. 

On  incoming  lines  in  some  cases  he  uses  straight  reverse- 
power  relays,  without  any  overload  feature;  and  in  other  cases  a 
combination  of  the  two.  I  have  reference  particularly  to  Figs. 
2,  3  and  4  and  wonder  why  in  some,  instances  the  overload 
feature  is  omitted. 

Of  the  various  schemes  of  protecting  parallel  operated  cables 
I  favor  the  balance  scheme  and  I  wonder  why  so  much  attention 
is  being  paid  to  the  adaptation  of  reverse-power  relays.  These, 
in  combination  with  the  overload  relays,  require,  usually  in  very 
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extensive  or  heavily  connected  systems  a  scheme  of  finely  graded 
settings  which  in  practise,  for  various  reasons,  do  not  always 
give  the  desired  sequence  of  operation.  Then  also  the  direction 
of  energy  may  not  always  be  fixed  and  it  may  be  desirable  at 
times  to  send  power  in  a  direction  reverse  from  normal.  The 
possible  complications  seem  much  more  numerous  with  the 
reverse-energy  relay  combinations  than  with  any  of  the  balance 
schemes. 

Many  of  the  operating  companies  have  cable  systems  still 
working  radially  which  might  be  changed  advantageously  to 
parallel  operation.  The  scheme  of  protection  of  course  depends 
largely  on  local  requirements,  but  I  want  to  point  out  how 
easily  the  change  from  radial  to  parallel  operation  was  made  in 
the  city  transmission  system  of  the  Detroit  Edison  Company 
by  using  the  same  cables  and  introducing  a  balanced  scheme  of 
protection.  This  company  is  operating  two  main  generating 
plants,  viz.  Delray  and  Connors  Creek  Power  Houses,  located 
on  the  Detroit  River  and  at  opposite  ends  of  the  city  of  Detroit. 
From  each  of  these  generating  stations  the  24,000-volt  cable  lines 
were  feeding  radially  to  the  various  substations  and  between  the 
latter  were  interconnected  tie-line  cables.  The  lines  going  to 
the  same  substation  were  selected  with  care  and  paired  up,  two 
cables  in  a  pair  acting  as  one  unit.  These  paired  cables  were 
then  permitted  to  tie  to  a  common  bus  in  each  substation.  This 
resulted  in  a  system  of  several  loops  extending  from  the  one 
power  house  through  the  various  substations  and  then  to  the 
other  power  house. 

Each  pair  of  cables  serves  in  a  manner  similar  to  a  split-con- 
ductor cable  and  is  protected  by  means  of  a  balanced  scheme  of 
relay  protection.  This  consists  primarily  of  a  simple  overload 
relay  connected  between  like  phase  conductors  of  the  two  cables, 
its  tripping  function  depending  upon  a  reasonable  out-of -balance 
in  the  currents  of  the  two  cables.  In  case  of  trouble  in  one  cable, 
both  cables  of  that  pair  would  be  caused  to  trip,  thus  isolating 
that  pair  from  the  system.  The  faulty  cable  might  be  tested  out 
and,  if  required,  its  good  mate  might  be  put  back  in  service.  In 
such  case  the  single  cable  is  protected  by  an  overload  relay, 
substituted  for  the  differential. 

This  scheme  of  operating  and  protecting  parallel  cables  has 
been  in  operation  over  a  year  and  has  been  very  effective  in 
isolating  trouble  and  also  in  reducing  the  number  of  interrup- 
tions of  service.  The  necessary  reserve-cable  capacity  to  any 
substation  is  considerably  less  in  the  new  parallel  scheme  and 
with  the  new  system  there  is  also  a  greater  flexibility  in  propor- 
tioning the  load  between  the  two  power  houses. 

J.  B.  Taylor:  Mr.  Meyer  wants  to  reduce  all  systems  to  two 
general  classifications,  and  its  seems  to  me  that  the  idea  is  quite 
sound.  I  want  to  suggest  that  all  this  protective  idea,  protective 
development,  is  along  two  general  lines;  the  first  is  that  no  matter 
how  complex  the  system  we  can  look  it  over  and  say  that  when  a 
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fault  comes  it  will  do  thus  and  so,  power  will  feed  this  way  or 
that  way,  current  will  be  greater  here  or  there,  voltage  will  drop 
here  or  rise  somewhere  else,  phases  will  do  this,  that  or  the  other.  s 

Now,  in  so  far  as  our  assumptions  are  correct  and  our  analysis 
is  right,  we  can  apply  relays  more  or  less  effectively,  and  by  far 
the  greater  amount  of  experimental  work,  development  work, 
has  been  along  this  line.  But  I  think  if  we  look  at  the  problem 
a  little  more  from  the  inherent  points  that  we  are  trying  to  accom- 
plish it  will  shape  itself  up  this  way :  No  matter  what  the  system 
is,  no  matter  whether  we  are  considering  cables,  transformers  or 
generators,  any  fault  which  is  the  starting  point  for  clearing 
switches  means  that  the  current  flows  in  at  one  end  and  does 
not  flow  out  at  the  other.  That  is  the  foundation  of  this  differen- 
tial idea,  whether  you  want  to  call  it  by  Merz-Price  or  something 
else.  In  the  papers  tonight  we  have  seen  that  the  Chicago  people 
have  appjied  this  principle  to  the  generator.  Any  fault  in  the 
generator  means  that  the  current  goes  in  at  one  end  of  the 
winding  and  does  not  come  out  at  the  other.  We  have  seen  the 
same  idea  in  transformers  where  current  going  into  the  primary 
does  not  balance,  that  the  current  in  the  secondary  upsets  the 
balance.  These  applications  are  fairly  easy.  The  two  ends  of 
the  circuit,  transformer  and  generator,  are  close  together.  The 
leads  in  a  differential  connection  are  short  and  inexpensive.  The 
idea  of  applying  this  to  cables  and  lines  was  thought  of  later. 

It  seems  to  me  that  the  use  of  the  split-conductor,  or  the  two 
cables  in  parallel,  which  Mr.  Meyer  has  just  described  as  used 
in  Detroit,  is  an  extension  of  the  pilot-wire  system,  in  which,  in 
order  to  avoid  the  investment,  the  trial  investment  of  the  pilot 
wire,  we  simply  take  another  conductor,  use  it  as  a  working  con- 
ductor and  also  as  a  pilot  wire.  So,  if  that  is  the  principle  applied, 
we  seem  to  be  on  a  very  simple  fundamental  basis  for  isolating 
any  faulty  piece,  no  matter  how  extensive,  and  only  by  carrying 
out  this  principle  can  it  be  followed  to  the  limit,  and  of  course 
the  limit  is  far  more  complex  than  any  of  the  diagrams  shown 
tonight,  because  just  so  soon  as  we  can  reliably  disconnect  a 
faulty  feeder  we  can  effect  great  economies  in  copper  by  inter- 
connecting wherever  we  wish.  There  are,  of  course,  limitations 
to  this  idea.  We  must  not  forget  that  the  very  transformers 
which  we  put  on  to  determine  this  differential  are  themselves 
pieces  of  apparatus,  so  that  we  may  get  to  the  point  where  we 
have  to  put  transformers  on  other  transformers,  and  in  many 
connections  the  switches  are  outside  of  the  differential  link.  So, 
there  are  still  a  few  problems  to  be  worked  out  before  we  can  say 
that  there  is  available  100  per  cent  protection. 

A  paper  presented  last  month  by  the  Chicago  Edison  man  at 
New  York,  referred  to  where  a  cable  failed  and  the  switch  did 
not  clear  because  the  very  protective  devices,  the  current  trans- 
formers put  in  to  clear  that  cable,  were  mechanically  disconnected 
by  the  large  forces  developed. 

H.  L.  Wallau:  In  our  experience  in  Cleveland  we  have  found 
a  satisfactory  solution  for  our  problems  to  date  by  the  use  of  the 
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overload  relay  at  the  sending  end,  and  the  reverse-energy  relay 
at  the  receiving  end.  We  operate  tandem  with  cables  in  parallel. 
The  balanced  scheme  suggested  where  two  cables  are  used  prac- 
tically as  one  transmission  line  at  first  blush  seems  like  a  wasteful 
thing,  because  when  your  relays  operate  two  lines  instead  of  one 
go  out;  but  I  think  if  we  study  the  problem  a  little  bit  we  will  find 
that  the  resultant  economies  due  to  the  inter-connection  value 
of  all  the  lines  in  one  net  work  will  give  us  more  extra  emergency 
capacity  than  we  lose  by  using  two  lines  at  once,  so  that  the  net 
gain  will  be  greater  than  the  apparent  loss. 

The  problems  as  we  have  had  to  meet  them  in  Cleveland, — 
the  particular  locations  of  our  substations  and  the  cable  lines 
already  installed  and  the  subways,  which  to  a  large  extent  had 
to  be  used — have  apparently  mitigated  against  our  developing 
any  system  of  balanced  protection.  Nevertheless,  we  have  had 
it  constantly  in  mind,  and  I  think  that  the  day  will  come  when 
we  shall  go  over  to  that  system.  I  think  the  system  is  much  more 
easily  applied  when  there  are  two  generating  stations  located  at  a 
considerable  distance  apart,  with  substations  scattered  in 
between.  If  there  is  but  one  generating  station  and  the  sub- 
stations are  mostly  located  in  one  general  direction  from  the 
plant,  it  is  sometimes  hard  to  justify  a  large  expenditure  in  sub- 
way and  ring  feeds  to  bring  about  the  conditions  necessary  for  a 
balanced  system  of  protection. 

J.  S.  Jenks:  I  will  give  a  little  experience  to  show  what 
developed  in  the  application  of  the  various  types  of  relays  we 
have  heard  discussed  this  evening.  We  started  with  a  system  of 
transmission  connecting  a  smaller  number  of  substations  with 
radial  feeders.  The  system  so  grew  that  it  finally  consisted  of 
over  600  miles  of  transmission  lines  connecting  over  eighty 
substations.  When  we  came  to  loop  the  system  with  twelve  or 
fifteen  substations  in  a  loop,  you  can  see  that  the  undertaking 
of  applying  any  time-element,  selector-type  or  inverse-current 
relay  was  almost  an  impossible  job;  our  experience  had  shown 
us  that  it  was  impossible  to  get  a  satisfactory  relay  that  could 
be  depended  upon  to  operate  closer  than  a  one-half  second. 
Hence,  in  graduating  the  time,  we  would  have  to  have  at  least 
a  half  second  between  two  stations,  and  with  half  a  dozen 
stations  it  meant  an  abnormal  time  and  with  ten  stations  an 
impossible  time;  in  one  case  where  we  had  fifteen  stations  it 
made  a  setting  of  seven  one-half  seconds.  This  would  not  give 
satisfactory  protection.  After  giving  the  matter  considerable 
study  and  looking  particularly  to  the  financial  end  of  the  prob- 
lem, we  found  that  about  the  simplest  and  most  effective  system 
of  relays  we  could  devise  is  one,  as  shown  in  Fig.  12  Consisting 
of  a  three-phase  primary  relay  which  is  connected  to  a  secondary 
of  potential  transformers  oft  the  high-tension  substation  buses 
and  a  secondary  relay  actuated  from  the  substation  lighting 
transformer  and  controlled  by  the  primary  relays  controlling  the 
locking  relay  on  the  switches.    The  one  primary  and  secondary 
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relay  will  control  any  number  of  locking  relays  on  any  number 
of  circuit  breakers. 

The  operation  of  this  system  of  relatys  is  as  follows:  When 
the  line  potential  drops  below  a  certain  predetermined  value,  the 
primary  relays  drop  and  short-circuit  the  secondary  coil  through 
a  resistance  which  in  turn  opens  the  secondary  contact,  thereby 
interrupting  the  potential  to  the  locking  relay,  which  then 
unlocks  and  leaves  the  circuit  breaker  in  condition  to  operate 
from  an  overload.  So  long  as  the  potential  remains  within  a 
certain  percentage  of  normal  no  breaker  can  be  opened  by  the 
automatic  feature  on  same.    As  soon  as  a  fault  of  any  kind 

Switch  Arm  in  open  position  ['] 

Switch  Arm  in  closed  position  ^Contact  to:  energise 
■Relay  when  Switch 
Lever  is  in- position 
for  Switch  to  be  closed 


Fig.  12 


develops  which  will  lower  the  potential  to  a  predetermined  value 
at  any  station,  it  unlocks  the  circuit  breakers  in  that  station, 
and  if  two  stations  happen  to  be  very  close  together,  it  may 
unlock  them  in  both  stations,  and  then  the  section  of  the  line 
which  is  in  trouble  is  tripped  out  by  the  overload  trip.  This 
arrangement  not  only  has  reduced  our  interruptions  to  a  mini- 
mum, but  has  very  materially  reduced  the  service  of  the  switches, 
there  being  a  certain  time  element  due  to  the  fact  that  the  prim- 
ary and  secondary  relays  and  the  lock  on  the  switch  have  to 
operate  before  the  circuit  breaker  opens;  and  before  that  pro- 
cedure starts  there  has  to  be  a  sufficient  drop  in  the  line  to 
reduce  the  voltage  to  some  predetermined  value.    Such  an 
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arrangement  has  proved,  as  far  as  our  experience  is  concerned, 
more  satisfactory  than  any  other  arrangement  of  relays  which 
we  could  work  out  on  account  of  the  great  number  of  stations 
in  circuit  and  the  large  number  of  sources  of  power,  the  system 
which  I  have  reference  to  having  six  power  stations  and  600 
miles  of  transmission  line  and  about  eighty  substations,  all 
looped  together  and  all  operated  as  one  unit.  In  addition,  we 
have  made  a  number  of  connections  with  lines  which  are  parts 
of  other  systems,  so  that  at  the  present  time  we  are  operating 
not  only  all  our  own  system  in  parallel  but  are  in  parallel  with 
systems  of  three  other  companies,  and  all  our  lines  protected 
by  the  simple,  inexpensive  system  of  relays. 

One  of  the  speakers  mentioned  interruption.  We  adopted  our 
plan  with  the  idea  of  limiting  interruption.  He  wanted  to 
know  what  we  called  an  interruption.  We  call  any  cessa- 
tion of  power  an  interruption,  if  it  only  be  for  a  fraction  of  a 
second.  If  the  power  is  off  the  line,  the  breaker  opens  and  is 
immediately  closed,  we  term  that  an  interruption.  Some  of 
our  customers  call  a  fluctuation  in  voltage  an  interruption. 

Philip  Torchio:  With  the  exception  of  the  very  interesting 
contribution  of  Mr.  Jenks,  about  whose  system  of  protection  I 
am  sure  all  of  us  would  like  to  know  more,  the  main  questions 
submitted  by  the  speakers  in  reference  to  my  paper  are  prin- 
cipally calling  for  explanations  of  statements  rather  than  criti- 
cisms of  the  subject  matter. 

Mr.  Summerhayes  has  commented  upon  the  statement  that 
generator  protection  is  seldom  used.  I  did  not  mean  to  endorse 
that  practise.  On  the  contrary  I  think  that  generators,  especially 
large  generators,  should  be  protected,  and  I  agree  with  Mr. 
Summerhayes. 

Mr.  Cole  has  misunderstood  my  reference  to  one  of  the  pre- 
ferable arrangements.  I  did  not  refer  to  the  split  conductor  as 
the  preferable  one.  I  said  that  the  balanced  system  is  preferable, 
and  I  was  rather  careful  in  describing  what  a  balanced  system  is. 
Under  letter  (b)  I  gave  a  definition  generic  enough  to  include  the 
Merz  system,  the  split-conductor  system  and  all  kinds  of  bal- 
anced systems. 

I  am  glad  that  Mr.  Meyer  of  Detroit  has  asked  why,  as  in  Fig. 
2,  I  did  use  only  a  reverse-energy  relay.  I  had  already  discov- 
ered that  the  diagram  showed  only  the  reverse-energy  relay, 
though  alongside  in  the  diagram  of  equipment  connections 
both  the  overload  relay  and  the  reverse-energy  relay  are  shown. 
The  matter  will  be  corrected  by  rewording  the  references. 

The  reverse-energy  relays  are  never  calibrated  for  overload. 
In  all  arrangements  with  reverse-energy  relays  the  overload 
calibration  is  secured  by  the  other  element  in  series,  which  is  an 
overload  relay.  This  applies  to  all  cases  where  a  reverse-energy 
relay  is  shown. 

I  have  been  asked  by  Mr.  Craighead  w'hy  in  Fig.  1 1  the  sheath 
transformer  was  used  instead  of  using  the  neutral  of  the  three 
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current  transformers.  If  the  grounding  relay  is  connected  to  the 
neutral  point  of  the  standard  transformers,  as  shown  in  the  con- 
nections to  the  converters  in  the  substation,  the  third  harmonic 
produced  by  saturation  of  the  current  transformers  causes  a 
current  to  flow  through  the  grounding  relay  under  conditions 
of  heavy  balanced  overloads.  We  found  from  tests  that  this  cur- 
rent amounts  to  0.2  ampere  with  34  amperes  secondary  current 
and  runs  up  as  high  as  5  amperes  when  the  balanced  three-phase 
current  reaches  a  value  of  70.  This  makes  the  installation  of  the 
grounding  relay  objectionable  in  the  generating  station  where 
very  excessive  currents  may  be  obtained  under  short-circuit 
conditions. 

R.  F.  Schuchardt:  Mr.  Summerhayes  asked  why  the  split- 
conductor  cable  is  not  more  generally  used.  Mr.  Cole  has  al- 
ready given  several  reasons  for  this.  In  addition,  the  system  is 
not  as  simple  as  it  seems  on  paper.  It  costs  more  than  other 
systems  giving  equally  good  results  and  it  is  not  an  easy  matter 
to  apply  it  to  an  existing  system.  The  transmission  system  must 
have  a  high  degree  of  flexibility  so  that  industrial  installations 
may  readily  be  added  at  any  points  without  requiring  a  complete 
rearrangement  of  the  protective  system.  The  scheme  outlined 
in  my  paper  permits  such  additions  readily.  If  we  were  to  start 
with  a  clean  slate  we  might,  to  advantage,  use  split-conductor 
cable  throughout. 

Mr.  Summerhayes  also  asked  my  personal  opinion  regarding 
the  proper  size  of  frequency  changer  to  be  used  as  a  tie  between 
two  50,000-kw.  systems.  A  great  deal  more  information  regard- 
ing the  systems  is  necessary  before  this  can  be  answered  definite- 
ly. However,  it  may  be  of  interest  to  note  that  the  particular 
installation  referred  to — that  is,  the  5000-kw.  frequency  changer 
at  Quarry  Street — connects  a  total  of  56,000  kw.  of  25-cycle 
capacity  with  28,000-kw.  capacity  of  60-cycle  units,  though  each 
of  these  groups  of  units  is  connected  through  heavy  tie  lines 
with  other  units  at  Fisk  Street  station.  With  the  present  relays 
the  frequency  changer  switch  opens  at  times  on  relatively  light 
disturbances  on  either  section.  We  expect  that  the  new  relay 
installation  will  prevent  this  and  cause  the  unit  to  drop  out 
only  when  there  is  a  fault  within  it  or  when  the  disturbance  on 
either  section  is  so  great  that  the  synchronizing  energy  passing 
through  the  frequency  changers  is  more  than  they  can  safely 
carry. 

Mr.  Crichton  asked  our  ideas  regarding  the  maximum  safe 
time  for  holding  on  to  a  faulty  line.  The  answer  for  the  Chicago 
system  is  given  in  my  paper  as  seconds.  In  New  York  a 
somewhat  longer  period  is  permitted.  In  his  question  Mr. 
Crichton  undoubtedly  had  in  mind  the  effect  on  the  service 
delivered.  It  will  be  noted  that  in  the  scheme  for  the  Chicago 
system  the  opening  up  of  a  line  in  the  interconnected  system  does 
not  affect  the  remaining  lines  and  therefore  does  not  interrupt 
any  service.  That  is  the  fundamental  idea  of  the  entire  scheme. 
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Mr.  Crichton's  discussion  of  the  various  combinations  for  the 
connections  of  relays  is  very  interesting  indeed  and  we  are  pleased 
to  have  his  assurance  that  the  particular  connection  adopted 
in  Chicago  is  the  one  that  will  always  work. 

Mr.  Craighead  showed  a  curve  illustrating  what  could  be 
obtained  by  a  combination  of  relays,  which  curve  I  agree  is  a 
desirable  one.  Mr.  Traver  stated  that  a  single  relay  having  a 
characteristic  curve  as  drawn  by  Mr.  Craighead  could  be  built 
if  we  want  it  badly  enough.  We  certainly  have  wanted  it  badly 
enough  for  many,  many  years,  but  the  success  of  the  relays  we 
are  now  using  has  changed  this.  By  using  an  induction  type  of 
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Fig.  13 — General  Reverse-Power  Relay  Connections,  Tie  Feeders 

relay  together  with  an  instantaneous  relay  of  the  simple  solenoid 
type  we  can  very  nearly  obtain  the  same  results,  and  Mr. 
Traver's  instrument  now  has  this  combination  to  compete 
with  commercially. 

N.  L.  Pollard  (communicated  after  adjournment) :  Mr.  Tor- 
chio  mentions  several  combinations  of  relays  covering  different 
conditions  on  the  New  York  Edison  Company's  System  that  ap- 
parently have  been  giving  good  protection. 

Fig.  2  of  this  paper  shows  four  feeders  in  parallel  between  a  gen- 
erating station  and  a  substation.  These  feeders  are  protected  by  a 
combination  of  balanced  and  reverse-energy  relays.    It  is  not 
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clear  to  me  from  the  diagram,  how  the  secondaries  of  the  current 
transformers  on  any  one  of  the  circuits  may  be  automatically 
cut  out  or  disconnected.  I  imagine  this  may  be  accomplished 
by  means  of  auxiliary  switches  operated  by  the  oil  switch.  I  also 
note  that  two  sets  of  current  transformers  are  used,  one  set 
probably  having  a  ratio  of  1:1.  This  is  evidently  an  additional 
safeguard  to  prevent  the  high-tension  current  from  reaching  the 
low-voltage  relay  circuits. 

The  Public  Service  Electric  Company  have  had  in  successful 
operation  in  South  Jersey  for  nearly  a  year,  an  arrangement 
similar  to  the  above,  with  the  exception  that  there  are  only  two 
feeders  in  parallel  and  we  use  only  one  set  of  current  transformers. 
Each  oil  switch  is  equipped  with  a  D.  P.,  S.  T.  auxiliary  switch 
which  breaks  the  connection  between  the  two  sets  of  current 
transformers.     In  case  one  line  is  automatically  cut  out,  the 


Fig.  14 — Connection  Diagram  for  Selective  Relay  Scheme 

R  —  Reverse-Power  Relay  Contacts  A,  B  and  C  are  up  when  oil  switch  is  open  and  down 
when  switch  is  closed. 

D  is  open  when  AB,  AC,  or  BC  are  up. 


second  line  is  left  with  a  straight  overload  protection.  The  con- 
nections are  as  shown  in  Fig.  13.  We  have  had  a  number  of  cases 
of  trouble  and  the  relays  have  to  date,  always  operated  success- 
fully. 

Fig.  14  shows  an  arrangement  of  auxiliary  switches  for  cutting 
out  of  circuit,  the  secondaries  of  the  current  transformer  of  the 
feeder  in  trouble,  when  three  feeders  are  operated  in  parallel, 
with  the  same  relay  connection  as  mentioned  above. 

I  wish  Mr.  Torchio  would  explain  a  little  more  in  detail  re- 
garding the  use  of  the  "Zig-Zag"  3-phase  grounding  transformer, 
shown  in  his  Fig.  11. 

In  regard  to  the  balance  system,  using  split-conductor  cables, 
which  we  expected  to  put  into  operation  last  fall  I  would  say 
that  due  to  trouble  in  getting  deliveries  on  the  differentially- 
wound  current  transformers  and  small  reactances,  we  are  oper- 
ating the  split-conductor  cable  without  the  balance  protection. 
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We  feel  that  the  split-conductor  cable,  operated  on  the  balanced 
principle,  will  give  us  100  per  cent  protection. 

We  expect,  this  year,  wherever  possible,  to  pair  a  number  of 
our  overhead  lines  and  operate  them  as  split-conductor  cables. 
This,  we  feel,  will  give  us  better  protection  than  any  other 
scheme,  providing  of  course,  that  the  power  can  be  fed  into  the 
substation  by  some  other  line  or  cable,  in  case  these  two  lines, 
operated  as  a  split-conductor  cable,  should  be  automatically  cut 
out  of  service. 

Mr.  Torchio's  paper  has  made  me  optimistic  on  the  relay  situa- 
tion, and  I  feel  that  almost  any  situation  can  be  taken  care  of  by 
using  one  of  the  schemes  illustrated  in  his  paper. 

Chester  Lichtenberg  (communicated  after  adjournment) :  The 
shape  of  the  time-current  characteristic  of  a  protective  relay  is  an 
important  feature  of  its  economic  application. 

The  time  delay  of  the  direct-connected  solenoid  and  induction 
designs  is  affected  at  low  currents  by  the  responsivity  of  the 
relay.  Suppose,  for  example,  that  the  relay  is  set  to  start 
operating  at  5  amperes.  If  a  current  of  5.1  amperes  is  sent 
through  the  relay,  it  will  start  to  operate,  but  its  time  delay  will 
be  long,  and  for  successive  trials  may  vary  several  hundred 
per  cent.  If  the  test  is  repeated  at  5.2  amperes,  the  range  of 
variation  will  be  found  to.be  less,  and  at  5.3  amperes  it  will  be 
found  to  be  still  less.  An  investigation  of  this  characteristic 
has  indicated  that  the  most  consistent  results  were  obtained  when 
the  first  point  of  the  time-current  characteristic  was  determined 
with  a  current  equal  to  110  per  cent  of  the  current  at  which  the 
relay  was  set  to  start  operating. 

The  time  delay  of  direct-connected  solenoid  or  induction 
relays  is  also  affected  at  high  currents  by  the  characteristics  of 
their  time-delay  features.  The  time  delay  of  the  bellows- 
equipped  solenoid  relay  becomes  irregular  and  may  vanish  at 
currents  from  eight  to  ten  times  the  rated  current  of  the  operating 
coil.  This  is  caused  by  the  forces,  produced  by  the  relatively 
high  currents,  straining  the  time-delay  feature  beyond  its 
capacity,  and  prematurely  closing  the  auxiliary  contacts.  The 
ordinary  induction  relay  has  a  similar  critical  current  point, 
above  which,  however,  the  time  delay  is  lengthened.  It  varies 
from  25  times  rated  operating  current  in  one  design  to  over  80- 
times  operating  current  in  another  design.  It  is  caused  by  the 
leakage  flux  from  the  core  of  the  operating  windings  counter- 
acting the  effect  of  the  flux  of  the  circuit  normally  controlling 
the  time-delay  feature. 

The  critical  point  in  the  time-current  characteristics  of  these 
relays  can  be  fixed  beyond  the  maximum  operating  current  by 
the  addition  of  a  shunt  reactor.  The  reactor  is  so  designed  that 
it  shunts  practically  no  current  from  the  relay  at  low  currents, 
but  shunts  out  50  per  cent  or  more  at  high  currents.  It  not 
only  permits  less  current  to  enter  the  relay  at  high  currents,  but 
also  acts  as  a  stabilizer  by  smoothing  the  current  rushes  into  the 
relay. 
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The  time  delays  given  in  Mr.  Torchio's  paper  range  from  about 
0.1  second  to  about  4.5  seconds.  A  stop  watch,  such  as  ordi- 
narily used  for  measuring  time,  will  not  give  accurate  determina- 
tions through  this  range.  Its  indicating  hand  moves  in  steps  of 
0.2  second.  An  error,  therefore,  of  only  one  step,  will,  for  a  time 
of  say  two  seconds,  give  a  result  10  per  cent  too  high  or  too  low. 
A  larger  error  is  introduced,  if,  as  is  customary,  the  watch  is 
manually  operated.  The  responsivity  of  the  operator  then 
enters,  and  may  affect  the  results  10  per  cent  to  20  per  cent  or 
more. 

The  manually  operated  stop  watch  is  now,  however,  being 
rapidly  superseded  by  the  automatically  operated  synchronous 
timer.  This  device  has  an  indicating  hand  or  scale  which  is 
automatically  started  when  the  relay  is  energized,  and  auto- 
matically stopped  when  the  auxiliary  contacts  meet  or  part.  It 
is  moved  in  units  equal  to  or  double  the  frequency  of  the  circuit 
to  which  it  is  connected.  It  will  therefore  indicate  time  intervals 
in  the  one-sixtieth  or  the  one  one-hundred-twentieth  part  of  a 
second,  if  energized  from  a  60-cycle  source. 

The  time  delay  of  oil  circuit  breaker  mechanisms  must  also 
be  taken  into  account  when  setting  relays  to  operate  at  short- 
time  intervals.  The  contacts  of  ordinary  oil  circuit  breakers 
will  part  about  0.25  second  after  the  tripping  circuit  is  energized. 
This  time,  however,  may  vary  from  twenty  to  sixty  per  cent  for 
different  designs  of  breakers,  and  from  ten  to  twenty  per  cent 
for  different  breakers  of  the  same  design.  For  accurate  setting, 
therefore,  relays  should  be  timed  and  set  with  the  oil  circuit 
breakers  which  they  will  operate. 


Presented  at  the  332nd  Meeting  of  the  American 
Institute  of  Electrical  Engineers,  New  York, 
June  27.  19/7. 


Copyright  1917.    By  A,  I.  E.  E. 


PROBLEMS  OF  OPERATION  AND  MAINTENANCE 
OF  UNDERGROUND  CABLES 


BY  JOHN  L.  HARPER 


Abstract  of  Paper 

The  scarcity  and  high  cost  of  transmission  materials  demands 
that  the  transmission  capacity  of  electric  underground  cables 
be  increased  to  a  maximum. 

The  causes  of  failures  of  cables  are  analyzed  and  the  conclusion 
drawn  that  overheating  is  the  most  important  for  consideration. 

Methods  of  removal  of  heat  from  the  cables  are  considered, 
and  recommendations  made  for  flooding  the  conduit  with  water, 
in  order  that  the  copper  in  underground  lead-covered  cables  may 
approach  the  transmitting  capacity  of  aerial  cables. 

THE  COST  of  underground  cables  for  power  distribution  has 
doubled  within  the  past  two  years  and  operating  companies 
feel  loath  to  meet  increased  demands  by  the  purchase  of  new 
cables  at  the  present  inflated  prices,  when  it  is  not  known  that 
either  demands  for  power  or  the  increased  prices  of  cables  will  be 
permanent.  It,  therefore,  now  often  devolves  upon  the  operating 
engineer  to  devise  ways  and  means  for  working  present  installa- 
tions to  a  capacity  much  greater  than  they  were  supposed  to 
have. 

Cable  manufacturers  have  endeavored,  from  their  experience, 
to  give  the  purchaser  some  idea  of  the  carrying  capacity  of  the 
cables  sold,  but  the  first  hand  experience  of  the  manufacturers 
usually  ends  with  the  delivery  of  the  cable;  hence  the  data  and 
information  given  out  have  about  the  same  relative  reliability  as 
those  furnished  by  generator  manufacturers  for  the  capacity  of 
generators  in  the  days  when  such  capacity  was  rated  on  the 
temperatures  of  the  outflowing  air  instead  of  the  temperatures  of 
the  inside  hottest  parts  of  the  coils. 

The  fundamental  causes  of  cable  break  downs  have  not  been  * 
differentiated  from  local  causes,  as  data  and  information  ac- 
quired by  individual  cable  manufacturers  have  usually  been  in- 
fluenced by  local  conditions  of  installation  and  use,  with  the 
result  that  the  fundamentals  have  not  been  clearly  emphasized 
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and  users  with  varying  local  conditions  have  received  much  mis- 
information. 

For  instance,  many  of  the  largest  distributing  systems  using 
underground  cables  are  in  large  cities  where  a  very  low  load  factor 
exists  and  there  is  a  relatively  small  concentration  of  power 
delivery  through  any  one  conduit.  Under  these  conditions, 
cables  would  naturally  be  given  a  higher  rating  than  would  be 
considered  for  places  where  they  operate  under  a  much  higher 
load  factor,  as  in  the  case  of  power  distribution  having  the  char- 
acteristics of  the  one  with  which  the  writer  is  connected,  where 
the  yearly  load  factor  is  in  excess  of  91  per  cent  and  the  daily 
load  factor  is  in  excess  of  98  per  cent.  It  is  apparent  that  with 
this  high  load  factor,  cables  have  no  chance  to  use  off  peak 
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Fig.  1 — (1)  Joint  Compound,  (2)  Cable  Oil, 
(3)  Mixture  of  1  to  1  Joint  Compound  and  Cable  Oil 

periods  to  dissipate  the  heat  accumulated  during  peak  periods. 
The  concentration  of  a  large  number  of  cables  in  one  conduit 
also  has  a  direct  influence  on  their  total  capacity. 

Assuming  cables  to  be  made  of  good  material  and  with  good 
workmanship  and  design,  I  venture  to  propose  the  following  as 
the  fundamental  causes  of  failure,  viz. :  Joint  troubles,  mechan- 
ical injury  to  lead  sheaths,  and  overheating. 

Joints 

Under  this  heading  may  be  noted: 
-  1.    Those  troubles  which  arise  from  improper  making  of  the 
joint,  due  to  improper  workmanship,  poor  material,  inexperience, 
etc.,  the  remedy  for  which  is  principally  accumulation  of  knowl- 
edge by  actual  experience  and  practise. 
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2.  The  incorporation  of  a  joint  filling  compound  that  has  not 
the  same  characteristics  as  the  insulating  compound  used  in  the 
cable  itself. 

Cable  insulation  compounds  are  nearly  always  of  a  light  color, 
while  joint  compounds  are  usually  black.  The  mulatto  combina- 
tion of  these  two  materials  (each  of  which  may  be  of  the  highest 
quality  in  its  own  clear  unadulterated  state)  may  produce  a  mix- 
ture having  very  different  insulating  characteristics  from  either 
of  the  original  compounds.  In  the  writers  experience,  one  whole 
system  of  cables  had  to  be  replaced  on  account  of  break  downs 
in  the  vicinity  of  the  joint  wherever  the  cable  insulation  and  the 
joint  compound  mixed.  At  that  time  a  test  was  made  of  the  in- 
sulating characteristics  of  the  mixture  for  different  temperatures 
and  it  was  found  that,  while  neither  of  the  compounds  in  their 
clear  form  showed  an  insulation  break  down  within  the  operating 
temperatures,  the  mixture  did,  and  the  curves  in  Fig.  1  show  the 
relative  conditions  found  to  exist. 

In  a  case  like  this,  the  operating  engineer,  being  unable  to 
wrench  the  secrets  of  the  nature  of  the  component  parts  of  the 
insulating  materials  from  the  manufacturing  company,  was 
obliged  to  make  further  requirements  of  the  cable  manufacturer 
to  the  effect  that  he  furnish  a  joint  compound  which  would  not 
show  this  objectionable  effect.  As  the  reinstallation  of  the 
cables  under  this  method  of  procedure  proved  satisfactory  and 
lasting,  it  has  been  assumed  that  in  the  privacy  of  the  manufac- 
turer's laboratory  such  changes  were  made  in  the  joint  or  cable 
compounds  that  they  maintained  the  high  insulating  characteris- 
tics even  in  the  mixture. 

Some  expert  joint  makers  contend  that,  i£,  in  the  handling 
of  cables  either  at  the  factory  or  in  the  manhole,  they  are  cut 
and  allowed  to  hang  down  and  bleed  slightly,  a  bubble  of  air  is 
liable  to  get  into  the  cable,  replacing  the  fluid  which  has  bled. 
This  bubble  causes  no  disturbance  until  the  cable  is  in  operation 
and  thoroughly  heated  up,  when  it  may,  by  expansion,  displace 
insulating  compound  and  decrease  the  insulation  at  some  special 
point,  causing  a  slight  leak  of  current  with  the  resultant  charring 
of  the  insulating  materials  and  the  production  of  a  hot  spot, 
whose  temperature  soon  passes  beyond  the  current  resisting 
characteristics  of  the  insulating  material.  This  form  of  trouble 
often  proves  very  elusive,  as,  in  the  case  of  the  hot  spot,  as  noted, 
if  the  cable  is  taken  out  of  commission,  cooled  and  again  started 
up,  the  trouble  may  have  moved  several  feet  from  the  first  loca- 
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tion,  or  may  still  be  present  in  the  cable  even  if  the  original 
hot  spot  is  cut  out. 

Mechanical  Abrasions 
In  regard  to  mechanical  abrasions  of  lead  sheaths,  these 
troubles  are  positive  and  must  show  themselves  sooner  or  later. 
The  writer  is  not  aware  of  any  means  of  overcoming  these 
troubles  in  cases  where  due  care  has  been  taken  in  the  insulation 
of  the  cable,  except  to  let  nature  take  its  course.  If  the  condi- 
tions surrounding  the  operation  of  the  cable  are  such  as  to  force 
the  early  determination  of  these  mechanical  faults,  the  assurance 
of  future  continuous  operation  is  greatly  increased. 

Overheating 

The  production  of  heat  within  the  cables  is  a  direct  function 
of  the  square  of  the  current  transmitted  as  represented  by  the 
PR  losses;  and  also  of  any  dielectric  loss,  which  is  a  function  of 
the  voltage  and  temperature  of  the  insulating  materials.  Any 
heat  produced  in  the  cable  must  be  dissipated  through  the  in- 
sulating materials,  the  protective  sheath,  the  conduit  structures, 
and  the  surrounding  medium,  if  the  cables  are  to  be  kept  at  a 
temperature  within  the  range  necessary  to  maintain  their 
insulating  characteristics. 

The  paper  of  paper-insulated  cables  belongs  to  that  class  of 
materials  whose  insulating  value  decreases  with  the  rise  of  tem- 
perature; therefore,  within  working  limits,  the  cooler  the  cable 
is  kept  the  less  the  dielectric  loss. 

An  instance  of  the  destruction  of  paper  insulation  under  high 
temperatures  was  noted  in  taking  out  a  length  of  cable  in  which 
a  section,  at  least  fifty  feet  from  where  any  known  trouble  had 
existed,  was  found  where  the  paper  insulation  had  practically 
disappeared.  The  three  conductors  holding  their  relative  posi- 
tions for  about  two  feet,  the  lead  sheath  being  fully  intact  but 
only  half  filled  with  ashes  from  the  destroyed  insulation.  This 
cable,  while  in  operation  had  given  no  trouble  at  this  place  on  a 
12,000-volt  working  circuit. 

The  problem,  therefore,  resolves  itself  into  a  control  of  the 
dielectric  loss  and  into  an  even  and  rapid  dissipation  of  all  heat 
produced  within  the  cable.  The  retention  of  a  constantly  pro- 
duced heat;  no  matter  how  small,  would  result  in  the  building 
up  of  temperatures  not  only  such  as  to  destroy  the  insulating 
characteristics  of  the  cable  structures,  but  to  destroy  the  cable 
itself. 
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It  is  apparent  that  the  area  of  obstruction  to  rapid  dissipation 
of  heat  from  the  cable  or  conduit  may  not  be  in  the  cable  itself 
or  in  the  conduit  structures,  but  may  be  a  factor  of  the  quality 
and  condition  of  the  earth  surrounding  the  conduit;  thus,  a  cable 
system  installed  uhder  the  sod  at  the  side  of  a  paved  street  may 
have  a  very  different  radiation  coefficient  from  a  similar  conduit 
under  the  pavement  of  the  same  street. 

In  a  paper  by  Mr.  L.  E.  Imlay  in  1915  this  matter  was  brought 
up,  and  the  suggestion  made  of  dampening  the  earth  on  the  out- 
side of  the  conduit  by  means  of  porous  tile  laid  in  the  ground 
outside,  which,  undoubtedly,  is  a  step  in  the  right  direction. 

In  the  writer's  experience,  a  12,000-volt,  3-conductor,  4-0 
cable  was  found  to  transmit  190  amperes  per  leg  easily  when 
the  conduit  contained  but  one  cable,  while  this  same  cable  could 
transmit  only  140  amperes  per  leg  with  the  same  rise  of  tempera- 
ture through  the  same  conduit  when  other  similar  cables  had 
been  added  and  were  all  connected  in  parallel.  This  would 
indicate  that,  in  the  particular  instance  noted,  which  was  through 
clay  soil  and  under  a  paved  street,  the  obstruction  to  the  dissipa- 
tion of  heat  was  in  the  earth  surrounding  the  conduit  structure. 
It  was  also  noted  that  in  this  conduit,  which  was  made  up  of 
nine  ducts,  an  installation  of  eight  cables  in  the  outside  ducts 
would  transmit  practically  the  same  amount  of  power  for  the 
same  rise  of  temperature  as  would  be  transmitted  when  the  ninth 
cable  was  installed  in  the  central  duct.  This  indicates  that  any 
conduit  has  a  total  carrying  capacity  dependent  upon  the  ex- 
terior surface  of  the  conduit  structure  in  contact  with  the  sur- 
rounding earth.  In  Niagara  Falls,  under  paved  streets,  in  clay 
soil,  and  without  artificial  cooling,  the  capacity  of  any  one  con- 
duit system  is  restricted  to  approximately  30,000  horse  power. 

That  a  cable  may  for  a  short  time,  without  permanent  injury 
carry  power  far  in  excess  of  its  ordinary  capacity  was  shown  by  a 
case  where  seven  cables  were  furnishing  power  to  a  customer.  A 
short  circuit  occurred  that  opened  the  breakers  on  six  of  these 
but  the  seventh  failed  to  open.  The  needle  of  the  dial  on  the 
instrument  of  the  switchboard  not  being  in  sight,  the  operator 
did  not  notice  that  it  had  disappeared  at  the  upper  end  of  the 
scale,  and  he,  therefore,  left  the  cable  in  circuit  while  waiting 
advice  from  the  plant  to  again  put  on  the  power.  This  not  being 
received  in  the  ordinary  time,  he  called  up  and  found  that  the 
customer  was  not  cut  off.  An  examination  of  the  recording 
wattmeter  indicated  that  the  seven  cables  were  delivering 
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approximately  22,000  kw.,  that  when  the  six  were  opened  the 
power  dropped  to  18,000  kw.  and  gradually  ran  down  during  a 
time  of  17  minutes  to  9,000  kw.,  at  which  time  it  was  taken  out  of 
service  by  the  station  operator.  On  examining  this  cable  in  the 
conduit  it  was  found  to  be  extremely  hot  and  with  several  of  the 
joint  sleeves  broken  from  internal  pressure  of  compounds  or 
gases.  Upon  cooling  it  down,  filling  up  and  resealing  the  joints, 
the  cable  was  again  put  in  operation  and  has  been  doing  its  work 
satisfactorily  for  four  years. 

In  a  recent  construction  of  a  hydroelectric  power  plant  a  sav- 
ing of  $500,000  was  made  on  the  first  cost  by  adopting  a  speed  of 
300  rev.  per  min.  instead  of  180  rev.  per  min.;  therefore,  why 
should  not  a  similar  effort  be  made  to  decrease  the  first  cost  of 
conduit  and  cable  distributions  of  power  by  speeding  up  the  dis- 
sipation of  the  heat  formed  by  the  PR  losses,  at  least  to  the 
point  where  in  any  cable  system,  the  power  value  of  the  PR 
losses  may  be  made  to  balance  the  operating  expense  of  increased 
construction  and  installation. 

It  is,  therefore,  suggested  that  the  dissipation  of  heat  by  water 
be  applied  to  new  and  permanent  construction  and  that,  in 
places  where  such  construction  is  possible,  conduit  systems  should 
be  built  so  that  the  ducts  can  be  flooded  with  water  and  cables 
operated  under  practically  submarine  conditions.  Bare  copper 
wires  in  aerial  transmission  lines  now  carry  approximately  twice 
the  current  that  is  carried  in  the  corresponding  conductor  of  an 
underground  paper-insulated  cable  and,  if  the  lead  sheath  of  the 
cables  were  kept  at  a  temperature  below  60  deg.  cent,  by  the 
presence  of  water,  the  carrying  capacities  of  underground  cables 
could  be  made  to  nearly  approach  that  of  bare  aerial  conductors. 

The  rapid  and  definite  dissipation  of  the  heat  from  the  cables 
with  water  immediately  surrounding  them  would  not  only 
greatly  increase  the  carrying  capacity  of  any  particular  cable 
or  of  a  particular  conduit  system,  but  would  decrease  possibilities 
of  cable  trouble  from  all  other  causes  except  mechanical  injuries 
of  the  lead  sheath. 


Presented  at  the  332nd  Meeting  of  the  American 
Institute  of  Electrical  Engineers,  New  York, 
June  27 1917. 


Copyright  1917.    By  A.  I.  E.  E. 


THE  FUNDAMENTALS  OF  SUCCESSFUL  HIGH-TENSION 
CABLE  JOINTS 


BY  D.  W.  ROPER 


Abstract  of  Paper 
The  specifications  are  intended  to  apply  in  general  to  joints  on 
cables  operating  at  voltages  above  10,000  and  in  particular  to 
joints  operating  above  20,000  volts.   The  specifications  include 
the  following  points: 

1.  The  cable  sheath  should  be  cut  back  from  the  ends  of  the 
conductor  a  sufficient  distance  to  allow  the  application  of  the 
insulation  to  the  joint  without  injuring  the  insulation  around  the 
conductors. 

2.  The  copper  splicing  sleeves  should  have  a  carrying  capac-  ' 
ity  at  least  equal  to  that  of  the  conductors. 

3.  The  ends  of  the  copper  splicing  sleeve  should  be  carefully 
tapered,  rounded  and  finished  so  as  to  eliminate  all  sharp  points 
or  edges. 

4.  The  conductors  should  be  separated  from  each  other  and 
from  the  enclosing  lead  sleeve  by  some  form  of  solid  insulation 
that  will  hold  them  in  a  fixed  position  relative  to  each  other  and 
to  the  enclosing  lead  sleeve. 

5.  The  filling  compound  should  have  sufficient  dielectric 
strength,  which  should  not  be  materially  reduced  at  the  maxi- 
mum operating  temperature  of  the  cable. 

a.  It  should  be  non-hygroscopic. 

b.  It  should  not  form  cracks  in  cooling  nor  during  cold 
weather. 

c.  It  should  be  sufficiently  fluid  when  poured  that  it  will 
flow  into  all  air  spaces  before  becoming  chilled.  ' 

e.  It  should  be  capable  of  being  readily  removed  when 
necessary  without  injury  to  the  insulation  around  the  con- 
ductors. 

f .  It  should  not  have  an  excessive  coefficient  of  expansion. 

6.  The  insulation  should  be  applied  and  the  compound 
poured  in  such  a  manner  that  the  joint  will  be  without  air 
pockets  or  voids. 

7.  All  moisture  should  be  carefully  excluded  from  the  joint. 

8.  If  filling  compounds  with  low  melting  point  are  used 
precaution  should  be  taken  to  prevent  the  compound  from 
running  back  into  the  cable  at  the  maximum  operating  tem- 
perature. 

9.  The  initials,  or  some  other  symbol,  should  be  stamped 
on  the  joint  to  indicate  the  name  of  the  splicer. 

10.  The  joint  should  be  so  located,  supported  and  protected 
that  it  cannot  be  readily  injured  by  men  working  in  the  man- 
hole.   

DURING  the  past  few  years  there  has  been  a  considerable 
increase  in  the  number  of  companies  installing  cables  for 
operation  at  voltages  from  20,000  to  25,000.   In  some  cases  the 
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companies  in  making  the  cable  joints  have  attempted  to  use 
methods  similar  to  those  which  have  been  found  adequate  on 
cables  operating  at  materially  lower  voltages.  The  results 
secured  in  this  manner  were  frequently  disappointing.  As  the 
other  extreme,  some  companies  have  adopted  a  type  of  cable 
joint  that  required  three  men  a  day  and  a  half  to  complete.  In 
some  companies  one  splicer  and  a  helper  make  up  two  joints 
per  day,  although  three  can  be  made  by  the  same  crew  under 
favorable  conditions. 

It  is  probable  that  no  two  operating  companies  use  the  same 
methods  and  materials  in  making  up  their  20,000-volt  cable 
joints.  It  is  thought  that  if  the  engineers  engaged  on  such  work 
would  agree  upon  the  fundamental  requirements  of  successful 
high-tension  cable  joints,  some  progress  could  then  be  made  on 
standardizing  such  joints  to  the  advantage  of  all  concerned. 
The  labor  cost  on  the  various  joints  being  used  by  different 
companies  for  the  same  purpose  probably  ranges  from  $5  to  $30 
and  the  time  required  ranges  from  a  half  day  or  less  to  one  day 
and  a  half.  The  more  expensive  joints,  which  take  so  long  to 
make,  may  in  some  cases  be  considerably  stronger  electrically  than 
the  cable,  and  perhaps  somewhat  stronger  than  necessary.  It  is  a 
very  serious  disadvantage  in  case  of  repairs  following  burnouts 
to  take  a  day  and  a  half  to  make  up  the  joints  necessary  for  the 
purpose.  If  a  temporary  joint  is  made  up  to  reduce  this  delay, 
then  the  joint  must  be  replaced  later  by  the  standard  type  of 
joint,  and  in  the  meantime  there  is  a  possibility  of  joint  failure. 
If  the  nature  of  the  burn-out  has  required  the  use  of  the  cut  and 
try  method  for  locating  the  trouble  it  will  probably  be  necessary 
to  stop  all  other  cable  splicing  work  in  order  to  secure  enough 
cable  splicers  to  make  up  the  joints  on  the  cable  undergoing 
repairs. 

The  following  specifications  are  intended  to  apply  to  joints 
on  cables  operating  at  about  20,000  volts,  or  upwards,  but  in 
general  they  will  be  found  of  importance,  though  in  somewhat 
lesser  degree,  on  cables  operating  above  10,000  volts. 

1.  The  lead  sheath  of  the  cable  should  be  cut  back  from  the 
exposed  conductors  so  as  to  provide  sufficient  space  for  the 
application  of  the  insulation  around  the  conductors  without 
danger  of  cracking  the  insulation  near  the  end  of  the  lead  sheath. 

If  this  point  is  left  to  the  judgment  of  the  cable  splicer  he  is 
liable  to  cut  the  lead  back  an  insufficient  distance  so  that  in 
order  to  apply  the  insulation  he  will  bend  the  individual  con- 
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ductqrs  so  sharply  near  the  end  of  the  lead  sheath  that  the  in- 
sulation will  be  cracked.  In  order  to  prevent  this  trouble,  the 
distance  from  the  exposed  conductors  to  the  lead  sheath  should 
be  about  six  or  seven  inches,  depending  upon  the  thickness  of 
the  insulation  around  the  conductors.  If  the  joint  is  to  be 
insulated  with  wrappings  of  tape  the  ends  of  the  insulation 
around  the  conductors  should  be  tapered. 

2.  The  copper  sleeves  or  tubes  used  in  splicing  the  conduc- 
tors should  be  of  such  material  and  so  proportioned  that  they 
will  have  a  carrying  capacity  at  least  equal  to  that  of  the  con- 
ductors. 

As  the  thickness  of  insulation  in  the  joint  will  be  greater  than 
in  the  cable  there  will  be  a-  greater  resistance  to  the  radiation  of 
heat  from  the  joint  than  in  the  cable.  If  in  addition  the  copper 
sleeves  have  a  carrying  capacity  less  than  that  of  the  conductor, 
the  temperature  of  the  joint  will  be  further  increased.  Experi- 
ence with  paper  insulated  cables  shows  that  the  dielectric  loss 
increases  with  the  temperature,  and  that  all  forms  of  insulation 
have  a  critical  temperature  above  which  the  dielectric  loss  is  so 
great  that  the  temperature  will  continue  to  rise  due  to  the  dielec- 
tric losses  until  burn-out  occurs.  This  critical  temperature  is 
lower  for  cables  impregnated  with  a  resinous  compound  than 
with  those  in  which  a  mineral  compound  is  used.  In  order  to 
avoid  trouble'  from  this  cause  the  splicing  sleeve  should  have 
ample  conductivity.  The  copper  sleeve,  as  well  as  the  ends  of 
the  cable,  should  be  thoroughly  tinned,  and  the  soldering  of  the 
joint  should  be  carefully  done  so  as  to  insure  that  the  sleeve  is 
entirely  filled  with  solder.  It  is  essential  to  have  the  sleeves 
heated  to  the  proper  temperature  before  filling  with  solder. 
Rolled  copper  tubing  of  a  proper  diameter,  and  with  a  length 
of  about  four  times  the  diameter  of  the  conductor,  makes  a  very 
satisfactory  sleeve.  If  the  splicing  sleeves  are  made  of  brass  they 
should  be  carefully  tested  to  insure  proper  conductivity. 

3.  The  ends  of  the  copper  sleeve  should  be  carefully  tapered 
and  rounded,  and  the  outer  surface  should  be  finished  so  as  to 
eliminate  all  sharp  points  or  edges. 

Sharp  points  on  the  exterior  of  the  copper  sleeve  or  the  con- 
ductors will  cause  an  increase  in  the  dielectric  stress  at  these 
locations,  and  such  points  should  therefore  be  very  carefully 
avoided.  For  this  reason  the  exterior  surface  of  the  splicing 
sleeves  should  be  carefully  finished  and  all  small  drops  or  points 
of  solder  should  be  removed  with  a  file  or  emery  cloth  so  as  to 
leave  a  smooth,  well-rounded  surface. 
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4.  The  conductors  should  be  separated  from  each  other  and 
from  the  enclosing  lead  sleeve  by  some  form  of  solid  insulation 
so  that  they  will  retain  a  fixed  position  relative  to  each  other 
and  to  the  enclosing  lead  sleeve. 

The  insulation  of  the  joint  may  consist  of 

a.  Wrappings  of  insulating  tape,  or 

b.  Formed  or  moulded  insulation,  such  as  tubes  of  paper  or 
other  solid  insulating  material. 

If  layers  of  insulating  tape  are  used  the  splicer  should  be 
furnished  with  gages  for  determining  when  the  proper  amount  of 
insulation  has  been  applied.  After  this  work  is  completed  the 
three  conductors  should  be  bound  together  in  such  a  manner  that 
they  are  equally  spaced,  and  at  the  same  time  mechanically  firm 
and  substantial.  This  may  be  done  by  wrapping  bands  of  tape 
at  several  points  along  each  of  the  conductors,  together  with 
some  bands  around  all  three  conductors  at  the  same  locations. 

When  mechanically  formed  insulation  is  used  care  should  be 
taken  to  see  that  the  parts  are  so  shaped,  placed  and  fastened 
that  all  air  will  be  driven  out  by  the  filling  compound.  Spacers 
of  porcelain,  or  other  suitable  material  may  be  found  desirable 
for  supporting  and  holding  the  conductors  at  a  point  between  the 
mechanically  formed  insulation  and  the  ends  of  the  lead  sheath. 

5.  The  filling  compound  should  have  the  following  qualities: 

a.  It  should  have  sufficient  dielectric  strength  for  the  purpose, 
which  strength  should  not  be  materially  reduced  at  the  maximum 
operating  temperature  of  the  cable. 

In  general  there  is  no  great  difficulty  in  securing  a  compound 
having  sufficient  insulating  strength  at  ordinary  temperatures. 
Resinous  compounds  which  decrease  rapidly  in  dielectric  strength 
with  increase  in  temperature  do  not  appear  to  be  as  satisfactory 
as  those  mineral  compounds  which  have  a  lower  temperature 
coefficient.  This  is  particularly  important  for  the  compound 
which  is  used  for  applying  the  wrappings  of  insulating  tape 
around  the  conductors. 

b.  It  should  be  non-hygroscopic. 

Moisture  is  one  of  the  greatest  enemies  of  a  good  high-tension 
joint  and  all  possible  precautions  should  be  taken  to  exclude  it 
from  the  compound,  or  any  of  the  insulating  material  which 
enters  the  joint. 

c.  It  should  not  form  cracks  in  cooling  after  the  joint  is 
poured,  nor  during  cold  weather. 

This  result  is  best  obtained  with  those  compounds  which 
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remain  somewhat  plastic  at  the  ordinary  temperatures  and  do 
not  become  hard  or  brittle. 

d.  When  heated  to  the  proper  temperature  for  pouring,  it 
should  be  sufficiently  fluid  so  that  it  will  flow  into  all  air  spaces 
before  becoming  chilled. 

To  insure  that  the  filling  compound  is  at  a  proper  temperature 
for  pouring,  thermometers  should  be -used,  or  some  simple  form 
of  test  should  be  devised  which  will  indicate  the  proper  tem- 
perature. 

e.  The  compound  at  ordinary  temperatures  should  be  cap- 
able of  being  readily  removed,  when  necessary,  without  injury 
to  the  original  insulation  around  the  conductors. 

This  is  frequently  necessary  when  locating  trouble  or  making 
alterations,  and  in  such  cases  it  should  be  possible  to  open  the 
joint  and  make  the  necessary  tests,  and  later  re-make  the  joint 
without  cutting  off  any  of  the  conductors. 

L    It  should  not  have  an  excessive  coefficient  of  expansion. 

After  the  first  filling,  time  must  be  allowed  to  permit  the  com- 
pound to  cool  before  sealing.  Ordinarily  a  small  amount  of 
additional  compound  must  be  added  to  fill  the  void  left  by  the 
cooling  of  the  compound.  One  such  filling  following  the  original 
filling  should  be  sufficient. 

If  the  filling  compound  is  liquid  or  soft  at  ordinary  tempera- 
tures, it  may  be  necessary  to  use  a  cast  metal  sleeve  in  place  of 
the  ordinary  lead  sleeve,  or  to  wrap  the  insulation  with  some 
form  of  porous  tape  to  act  as  a  cushion  between  the  insulation 
and  the  lead  sleeve. 

6.  The  application  of  the  insulation  and  the  pouring  of  the 
compound  should  be  done  in  such  a  manner  that  on  completion 
the  insulation  will  be  solid;  that  is,  without  air  pockets  or  voids. 

In  applying  wrappings  of  tape,  the  conductors,  the  splicing 
sleeve  and  the  insulation  around  the  conductors  should  first  be 
given  a  generous  coating  of  some  thin  insulating  compound, 
applied,  preferably,  with  a  brush.  The  tape  should  have  a  lap  of 
about  one-half  and  the  compound  should  be  in  sufficient  quantity 
and  of  such  consistency  that  when  the  wrappings  of  tape  are 
tightly  drawn,  all  air  between  the  several  layers  of  tape  and 
between  the  tape  and  the  conductors  will  be  entirely  excluded. 
Additional  applications  of  the  compound  should  be  made  before 
applying  each  layer  of  tape.  Suitable  gages  should  be  furnished 
the  splicer  so  that  he  can  determine  when  the  proper  amount  of 
tape  has  been  applied. 
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If  some  formed  or  molded  insulation  is  used  it  should  be  held 
in  position  temporarily  by  the  form  of  the  insulation,  or  by  tying 
with  string  or  tape.  The  solid  insulation  should  be  so  made  and 
held  in  position  in  the  joint  that  when  slightly  tilted  at  the  time 
of  filling,  all  of  the  air  within  the  enclosing  sleeve  will  be  driven 
out  by  the  filling  compound. 

7.  All  moisture  should  be  carefully  excluded  from  the  joint. 
For  the  purpose  of  excluding  moisture  it  may  be  necessary  to 

install  some  temporary  shelter  so  as' to  prevent  drippings  from 
the  roof,  or  contact  with  the  adjacent  wall  of  the  manhole. 
Moisture  in  the  insulating  tape  should  be  driven  out  by  dropping 
it  in  a  vessel  containing  filling  compound  heated  considerably 
above  the  boiling  point  of  water.  Rubber  gloves  should  be  worn 
by  the  cable  splicer  in  warm  weather,  and  at  other  times  if  the 
hands  are  naturally  moist.  The  splicer  should  also  take  suitable 
precautions  to  insure  that  no  perspiration  drops  from  the  face 
into  the  joint. 

8.  If  filling  compound  with  a  low  melting  point  is  used, 
precautions  should  be  taken  to  prevent  the  compound  from 
running  back  into  the  cable  at  the  maximum  operating  tempera- 
ture. 

If  the  impregnating  compound  in  the  cable  does  not  entirely 
fill  the  interstices  between  the  strands  of  the  conductors,  as  well 
as  the  insulation,  then  the  filling  compound  as  it  becomes  fluid 
may  run  back  into  the  cable.  This  would  leave  voids  in  the 
upper  part  of  the  cable  sleeve  and  would  give  a  distribution  of 
dielectric  stresses  that  would  probably  later  cause  trouble.  If 
such  compounds  are  used  the  soldering  of  the  splicing  sleeve 
should  extend  beyond  the  ends  of  the  sleeve,  and  in  addition, 
several  wrappings  of  impervious  tape  should  be  applied  to  the 
conductors  where  exposed  between  the  splicing  sleeve  and  the 
original  insulation  around  the  conductor. 

A  thin  filling  compound  may  also  flow  back  into  the  jute  filling 
between  conductors  if  it  is  not  thoroughly  impregnated.  The  use 
of  a  filling  compound  with  a  low  melting  point  should,  therefore, 
be  avoided  unless  the  insulation,  the  jute,  and  the  conductor  are 
all  very  thoroughly  filled  with  the  impregnating  compound. 

9.  The  initials,  or  some  other  symbol,  should  be  stamped  on 
the  joint  to  indicate  the  name  of  the  splicer. 

This  stamp  can  be  made  in  the  wipe  without  danger  of  damag- 
ing the  joint.  Good  cable  splicers,  like  other  first  class  work- 
men, take  considerable  pride  in  their  work,  and  it  makes  them 
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more  careful  if  they  know  that  in  case  of  trouble  the  maker  of 
the  joint  can  be  readily  identified. 

10.  The  joint  should  be  so  located,  supported  and  protected 
in  the  manhole  that  it  cannot  be  readily  injured  by  men  working 
in  the  manhole. 

For  this  purpose  the  cable  should  be  supported  at  each 
end  of  the  lead  sleeve.  If  a  rope  and  cement  protective  coating 
is  applied  to  the  cables  in  the  manholes,  the  same  coating  should 
be  extended  over  the  joint.  If  this  is  done  the  joint  cannot  be 
injured  by  being  accidentally  struck  with  tools  or  ends  of  cable, 
or  by  workmen  bruising  cable  with  the  ladder  in  entering  or 
leaving  the  manhole. 
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THE  INFLUENCE  OF  DIELECTRIC  LOSSES  ON  THE 
RATING  OF  HIGH-TENSION  UNDERGROUND 
CABLES 


BY  A.  F.  BANG  AND  H.  C.  LOUIS 


Abstract  of  Paper 
This  paper  describes  a  series  of  tests  made  to  determine  the 
dielectric  losses  in  various  kinds  of  13,000-volt  cable.  These 
losses  were  found  to  increase  greatly  with  the  temperature  and 
thus  become  an  important  factor  in  the  rating  of  such  cables.  A 
method  is  developed  whereby  the  influence  of  these  losses  on  the 
rating  can  be  approximately  calculated  for  duct  lines  with 
uniformly  loaded  cables. 


IN  THE  early  part  of  1916  a  series  of  tests  on  13,200-volt  cable 
under  conditions  closely  approximating  operating  conditions 
was  conducted  in  Baltimore,  Md.  The  object  was  to  obtain 
information  relative  to  the  rating  of  cables  at  their  highest  safe 
capacity,  and  to  analyze  the  various  factors  affecting  this,  such 
as  the  influence  of  dielectric  losses. 
,It  was,  therefore,  attempted: 

1.  To  measure  the  dielectric  losses  of  cables  at  different  tem- 
peratures. 

2.  To  compare  cables  of  various  makes  and  from  different 
manufacturers  with  each  other  in  this  respect,  and  if  essential 
differences  were  found  to  investigate  the  possible  causes  of  this, 
such  as, 

3.  Different  compounds  used  for  impregnating  the  paper, 

4.  Percentage  of  moisture  in  cable, 

5.  Thickness  of  insulation,  etc. 

Assembly.  A  nine-hole  duct  line  was  constructed  in  the  base- 
ment of  Sharp  Street  Station,  Baltimore,  where  the  temperature 
conditions  are  fairly  constant.  The  layout  and  dimensions  of 
the  duct  system  are  shown  in  Fig.  1.  It  consisted  of  a  nine-hole 
duct,  seven  ducts  being  occupied  with  cable.  The  duct  was  48.5 
ft.  (14.7  m.)  long.  The  duct  was  surrounded  on  sides,  top  and 
bottom  by  sand,  which  was  held  in  place  by  a  wooden 
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framework.  The  ends  of  the  cables  outside  of  the  ducts  were 
made  as  short  as  possible,  and  were  wrapped  with  sheet  asbestos 
and  covered  with  sand,  in  order  to  have  these  at  approximately 
the  same  temperature  as  the  part  of  the  cables  in  the  ducts. 

Temperature  Measurements.  As  conditions  made  the  use  of 
mercury  thermometers  impractical  in  the  ducts,  we  used  a 
differential  galvanometer-type  thermometer  with  temperature 
coils,  twenty-seven  coils  in  all  being  used,  each  duct  containing 
three  coils.  As  it  was  important  that  these  temperature  coils 
touch  neither  the  duct  nor  the  cable,  they  were  mounted  in  a 
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Fig.  1 — Arrangement  of  Ducts  and  Cables  in  Test 


little  wooden  cradle.  Temperatures  of  the  copper  conductors 
and  lead  sheath  were  determined  by  rise  of  resistance  method. 

Cable  Connections  and  Wiring.  Cables  in  ducts  numbered 
1,  2,  3,  4,  5  and  6  were  all  connected  in  series  and  carried  current 
only.  Cable  in  duct  number  9  carried  both  current  and  poten- 
tial, this  being  the  specimen  cable;  the  different  specimens  were 
tried  in  this  duct,  the  same  cable,  of  course,  being  used  in  the 
other  ducts  through  the  test. 

Fig.  2  shows  the  wiring  diagram. 

Application  of  Current  and  Potential.    Three-phase  current 
and  voltage  was  applied  to  the  specimen  cable.    Each  phase 
ras  short-circuited  on  itself  through  current  transformers  run 
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inverted,  and  excited  from  the  5-ampere  side;  separate  current 
transformers  were  used  to  measure  the  current.  High  voltage 
was  obtained  by  using  three  potential  transformers  inverted, 
rated  at  200  watts  each,  13,200/110  volts;  primary  and  secondary 
windings  were  both  connected  in  star.  The  neutral  of  the  high 
tension  was  grounded  and  connected  to  the  sheathing;  conse- 
quently, the  dielectric  strains  and  losses  corresponded  with 
those  which  occur  under  practical  operating  conditions.  The 
dielectric  losses  were  determined  by  measuring  with  an  ordinary 
wattmeter  the  input  of  the  potential  transformers  on  the  low- 
voltage  side,  and  subtracting  from  this  the  input  with  the  high- 


Fig.  2 — Wiring  Diagram  of  Test 

tension  cable  disconnected,  and  also  the  copper  losses  in  the 
potential  transformers,  which  could  be  readily  calculated.  The 
heater  cables  carried  current  only. 

Potheads.  Standard  potheads  were  used  on  the  cable.  In 
order  to  correct  for  the  dielectric  losses  occurring  in  these,  a 
special  test  was  conducted  on  a  very  short  piece  of  cable  with  two 
potheads;  this  test  proved  these  losses  to  be  practically  negligible, 
at  least  for  temperatures  not  exceeding  the  actual  pothead  tem- 
peratures occurring  during  the  main  test. 

Procedure  of  Tests.  Some  runs  were  made  with  C*R  losses 
present  ohly,  that  is,  with  current  only  applied. 

Dielectric  runs  were  made  with  current  on  all  cables,  and  high- 
tension  voltage  applied  to  the  specimen  cable.   Practical  condi- 
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tions  precluded  the  application  of  potential  to  the  heater  cables, 
but  the  lack  of  these  dielectric  losses  was  compensated  for  as 
follows:  Starting  with  current  in  the  heater  cables  of  the  same 
value  as  in  the  specimen,  dielectric  loss  of  specimen  cable  was 
measured  when  constant  temperatures  were  reached.  The  cur- 
rent in  the  heater  cables  was  then  increased  so  that  the  increased 
C*R  loss  equalled  the  dielectric  loss  of  the  specimen  cable.  This 
process  was  repeated  until  stable  conditions  were  obtained.  On 
account  of  the  lagging  effect  of  the  duct  line  it  was  often  neces- 
sary to  continue  each  test  a  number  of  days  in  order  to  reach 
constant  conditions. 

Results 

Specimen  Cables.  Tests  were  made  in  all,  on  four  different 
specimens  of  cable  from  three  different  manufacturers;  all  of 
them*  were  three-conductor,  No.  4/0  paper-insulated  copper 
cable;  the  insulation  was  distributed  as  follows: 

Specimen  A— 6/32  in.  by  6/32  in.  (4.7  mm.  by  4.7  mm.) 
a       B— 8/32  in.  by  2/32  in.  (6.3  mm.  by  1.5  mm.) 
u       C— 6/32  in.  by  6/32  in. 
u       D— 8/32  in.  by  2/32  in. 

Dielectric  Losses.  The  curves  shown  in  Fig.  3  show  the  dielec- 
tric losses  for  these  cables  expressed  in  watts  lost  per  foot  of 
cable  and  plotted  against  the  temperature  of  the  copper  con- 
ductors. These  curves  show  the  marked  effect  of  temperature 
on  the  dielectric  losses.  At  low  temperatures  corresponding  to  a 
cold  condition  of  the  cables,  the  losses  are  low,  and  about  the 
same  for  all  the  specimens,  while  at  higher  temperatures  the 
dielectric  losses  run  up  rapidly  in  all  cables  except  specimen  D. 

These  curves  show  specimen  D  cable  to  be  much  superior  in 
this  respect  to  the  others,  the  dielectric  losses  being  very  much 
lower  at  high  temperatures  than  the  others,  and  the  rate  of  in- 
crease smaller.  This  rate  of  increase  is  important,  as  it  effects 
the  final  temperatures,  due  to  the  cumulative  effect  as  brought 
out  later  on. 

Thickness  of  Insulation.  Specimen  B — 8/32  in.  by  2/32  in., 
(6.3  mm.  by  1.5  mm.)  shows  up  better  than  specimen  A.  This 
may  be  due  to  the  greater  thickness  of  insulation  between  con- 
ductors, since  both  samples  are  of  the  same  make  and  otherwise 
supposed  to  be  alike.  However,  it  will  be  noticed  that  specimen 
C,  which  is  6/32  in.  by  6/32  in.  (4.7  mm.  by  4.7  mm.),  and  of 
another  make  shows  up  slightly  better  than  specimen  B,  8/32  in. 
K«  oiiia  in.  (6.3  mm.  by  1.5  mm.). 
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Material  of  Cables.  This  markedly  superior  performance  of 
specimen  D  shows  that  there  must  be  some  radical  differences  in 
material.  Samples  about  10  in.  (25.4  cm.)  long  were  cut  from 
the  specimens  and  sent  to  a  chemist  for  analysis.  The  analysis 
showed  that  in  specimens  A,  B  and  C,  a  rosin-oil  base  is  used  for 
impregnating  the  paper,  whereas  in  specimen  D,  a  mineral-oil 
base  is  used.  Puncture  tests  made  by  us  on  these  oils  showed 
but  little  difference  in  dielectric  strength  at  high  and  low  tem- 
peratures for  the  mineral  oil,  whereas  in  the  case  of  rosin  oils  the 
strength  decreased  greatly  with  increased  temperatures. 

The  difference  in  impregna- 
ting compound  we  believe  is, 
therefore,  the  greatest  cause  pro- 
ducing the  marked  difference  in 
performance. 

Analysis  for  moisture  was 
made  also  on  5  in.  (12.7  cm.) 
pieces  of  the  specimen  cables. 
Specimens  A,  B  and  C  using 
rosin-oil  compound  showed 
the  same  relative  order  of 
moisture  as  dielectric  losses. 
Specimen  D  showed  a  high 
percentage  of  moisture,  and 
yet  has  the  lowest  dielectric 
losses;  this  fact  can  only  be 
taken  as  a  proof  that  the 
nature  of  the  compound, 
which  here  is  a  mineral  oil,  has 
a  greater  influence  than  the 
per  cent  moisture. 
Relative  Temperatures.  The  test  on  the  Sharp  Street  duct  line 
shows  comparatively  small  differences  between  copper,  lead  and 
duct  temperatures,  under  constant  conditions.  In  the  run  made 
on  specimen  D  cable  with  175  amperes  on  the  heater  and  speci- 
men, and  13,200  volts  on  the  specimen,  the  total  watts  lost  per 
foot  on  the  specimen  was,  for  instance,  6.5  watts  and  the  tem- 
perature as  follows: 

Copper  Temperature  89  deg.  cent. 

Lead  86  deg.  cent. 

Duct  82  deg.  cent. 

Room  20  deg.  cent. 
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COPPER  TEMPERATURE.  DEC  CENT. 

Fig.  3 — Dielectric-  Losses  in 
Watts  Per  Foot  Length  of  Cable 
as  Depending  on  the  Temperature 
of  the  Conductors 
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The  reason  for  the  close  proximity  of  these  temperatures  to 
each  other  in  spite  of  the  high  rise  above  the  room  temperature 
is  essentially  the  fact,  that  the  main  temperature  rise  in  our  case 


5  AMPERES  PER  PHASE 

Fig.  4 — Curves  Showing  Relation  of  OR  and  Dielectric  Losses 
in  Specimen  A  in  Sharp  Street  Test 


took  place  in  the  dry  sand  surrounding  the  duct  line  and  that 
this  rise  was  secured  by  moderate  loads  on  the  cables.  This 
condition  imitates  very  well  actual  duct  conditions  where  ducts 
pass  under  streets  through  dry  soil  or  ashes. 


AMPERES  PER  PHASE 

Fig.  5 — Curves  Showing  Relation  of  OR  and  Dielectric  Losses 
in  Specimen  D  in  Sharp  Street  Test 

Relative  Losses.    A  comparison  of  C2R  and  dielectric  losses 
cp-     "   '    ^ade  for  specific  cases,  as  the  C2R  losses  depend 
it  carried,  and  slightly  on  temperature,  and  the 
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dielectric  losses  for  a  given  cable  and  voltage  only  on  tempera- 
ture. Curves  shown  on  Figs.  4  and  5  show  this  relation  for 
specimens  A  and  D,  which  constitute  the  two  extreme  cases  of  the 
test.  The  conditions  were  such  that  100  amperes  produced  no 
excessive  temperatures,  so  that  all  the  specimens  had  a  dielectric 
loss  of  less  than  25  per  cent  of  the  C*R  at  100  amperes.  •  It  will  be 
noticed  that  for  specimen  A  (See  Fig.  4)  the  dielectric  loss  runs 
up  very  rapidly  at  currents  above  100  amperes,  a  condition  which 
would  be  far  more  aggravated  if  the  initial  room  temperature 
were  higher  than  the  one  at  which  the  test  was  made  (18  deg. 
cent.).  With  higher  currents  the  ratio  of  dielectric  to  C*R  loss 
increases  rapidly  and  approaches  100  per  cent.  Only  specimen  D 
(Fig.  5)  shows  no  great  increase  of  dielectric  loss  as  the  load  and 


temperature  go  up,  and  the  ratio  of  dielectric  to  C*R  even 
decreases  with  increased  current  and  temperature,  this  holding 
good  for  a  range  of  current  well  within  practical  working  limits; 
even  an  increased  room  (or  soil)  temperature  would  not  affect 
this  to  any  great  extent. 

Heat  Dissipating  Curve.  From  the  amperes  per  phase,  the 
resistance,  and  the  dielectric  loss  measured  we  can  calculate  the 
total  energy  lost  in  the  duct  line  and  from  this  plot  a  curve  be- 
tween watts  lost  per  foot  of  the  duct  and  the  temperature.  This 
is  done  in  Fig.  6.  Since  this  curve  represents  constant  conditions, 
the  watts  loss  are  a  measure  of  the  heat  dissipated  by  the  duct 
system  at  various  temperatures.  The  curve  shows  that  this 
relation  is  practically  a  straight  line.    In  Fig.  6,  this  tempera- 
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ture  plotted  refers  to  the  air  in  the  duct.  Otjier  experiments 
made  by  the  writers  proved,  that  also  when  we  plotted  the 
temperature  rise  of  the  copper  conductor  above  soil  or  any  one 
of  the  cables  against  the  watts  lost  per  cable,  per  foot,  the  result 
would  be  a  curve  very  close  to  a  straight  line.  In  the  following 
calculations  this  relation  is  therefore  always  taken  to  be  a 
straight  line.  It  is  also  assumed  that  the  relation  is  independent 
of  whether  the  heat  dissipated  is  generated  in  the  copper  by  the 
current  or  in  the  insulation  by  the  voltage. 

Any  duct  line  will  of  course  have  its  own  particular  dissipating 
curve. 

Critical  Point  (Temperature  and  Current).  The  effect  of  dielec- 
tric losses  on  the  heating  of  cables  is  cumulative,  i.e.,  when  a 
cable  has  reached  constant  conditions  with  low-tension  currents 
only  applied  and  high  voltage  is  then  added,  certain  definite 
dielectric  losses  will  occur  and  produce  a  temperature  increase; 
but,  on  account  of  the  higher  temperature  thus  reached  an 
increase  of  the  original  dielectric  losses  will  take  place,  which 
fact  again  increases  the  temperature  and  so  on  indefinitely; 
there  is,  therefore,  always  a  possibility  that  a  critical  point  may 
be  reached  where  the  heat  generated  in  this  way  is  larger  than 
the  heat  that  can  be  carried  away ;  if  this  point  has  been  reached 
and  passed  the  temperature  of  the  cable  will  evidently  rise  in- 
definitely until  break  down  occurs  and  will  do  so  even  for  a 
constant  current  load.  That  such  a  critical  point  exists  for  any 
high-tension  cable  surrounded  by  a  poor  heat  conductor  has  been 
repeatedly  pointed  out.  (See  especially  the  N.  E.  L.  A.  Cable 
Report — 1913).  In  our  tests  we  were  able  to  produce  this  condi- 
tion on  specimen  cables  A,  B  and  C,  by  means  of  the  4 'com- 
pensated1 '  runs  mentioned  above.  In  these  runs  it  was  found 
that  a  point  was  reached  in  the  loading  where  it  was  not  any 
lcmger  possible  to  compensate,  as  the  dielectric  losses  ran  up 
faster  than  the  heat  dissipating  power  of  the  duct  line.  In  the 
dielectric  curves,  Fig.  3,  the  lower  points  are  plotted  from  values 
measured  in  the  compensated  runs;  when  compensation  was  no 
longer  possible  a  constant  current  was  maintained  on  the  heater 
cable  and  the  dielectric  losses  on  the  specimen  cable  would  then 
gradually  raise  the  temperature  of  this  cable  until  destruction.  The 
higher  points  in  Fig.  3  are  plotted  from  this  last  part  of  each 
test.  Only  on  specimen  D  did  we  not  determine  the  critical 
point.  While  it  doubtless  exists,  it  would  evidently  in  this  case 
be  found  temperature  than  reached  in  our  test.  (190 

deg.  cf 
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As  it  is  evident  that  very  unstable  and  dangerous  conditions 
exist  in  a  high-tension  duct  line,  where  this  critical  point  has 
been  reached  and  as  it  will  be  found  in  many  practical  cases, 
that  this  point,  therefore,  rather  than  any  special  high  tempera- 
ture, constitutes  the  danger  line  for  the  rating  of  high-tension 
cables,  we  have,  in  the  following,  developed  a  method  for  the 
determination  of  this  critical  point  for  any  duct  line,  with  uni- 
formly loaded  cables,  and  on  the  whole  calculate  the  tempera- 
tures that  will  be  reached  for  given  loads  under  due  regard  to 
the  dielectric  losses.  To  do  this  it  is  necessary  to  know  only 
the  following  few  data,  which  can  be  found  experimentally. 


"Jf*  TEMPERATURE  DEG.  CENT. 


Fig.  7 — Graphic  Determination  of  the  Permissible  Current 
and  the  Critical  Temperature  for  a  Duct  Line,  When  Its  Dissi- 
pating Curve  B,  Its  Dielectric  Curve  A,  and  the  Soil  Temperature 
S  are  Known 


Calculation  of  the  Influence  of  Dielectric  Losses.  1.  The 
dielectric  characteristics  of  the  cable,  expressed  in  a  dielectric 
curve  as  for  instance  those  shown  on  Fig.  3. 

2.  The  heat  characteristics  of  the  duct  line  and  the  cable 
expressed  by  the  heat  dissipating  curve  for  same. 

3.  The  soil  temperature  at  a  distance  sufficiently  far  away 
from  the  duct  line  to  be  unaffected  by  the  heat  produced  in  the 
duct. 

Let  curve  A  in  Fig.  7  represent  the  dielectric  loss  curve  for  the 
cable  installed. 

Let  curve  B  represent  the  dissipating  curve  for  the  duct  line 
at  a  given  soil  temperature  S. 
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If  we  now  assume  that  we  have  reached  constant  conditions 
where  no  heat  is  used  for  increasing  the  temperature  of  cable  and 
duct,  the  watts  dissipated  as  indicated  by  curve  B  are  equal  to 
the  total  losses  generated  which  consist  of  dielectric  and  C*R 
losses. 

If  we  therefore  deduct  the  dielectric  losses  (as  shown  in  curve 
A)  from  the  total  losses  (curve  B  )  we  get  the  OR  loss.  This 
subtraction  is  done  graphically  in  Fig.  7.  The  result  is  curve  C 
which  represents  the  copper  losses.  From  this  curve  we  can 
calculate  the  corresponding  current  for  any  number  of  points 
from  the  formula 

C      V  3R 

Where  W  =  Watts  taken  from  curve  C. 

R  =  the  resistance  of  one  conductor  (at  a  temperature 
taken  from  the  corresponding  point  of  curve  B). 
In  Fig.  7  it  is  assumed  that  the  soil  temperature  is  a  constant 
5.  A  change  in  soil  temperature  which  is  the  base  for  the  duct 
and  cable  temperatures  means  a  parallel  shifting  of  the  dissi- 
pating curve  and  therefore  produces  an  entirely  new  copper  loss 
curve  C. 

Determination  of  the  Critical  Temperature  by  Tangent  Method. 
It  will  be  seen  from  Fig.  7  that  curve  C,  which  represents  the 
copper  losses,  has  a  maximum  point.  This  means  that  for 
temperatures  beyond  this  point,  less  current  can  be  carried  than 
at  lower  temperatures  and  if  the  current  is  not  reduced  the 
temperatures  will  evidently  continue  to  rise  indefinitely.  This 
point  corresponds  therefore  to  the  critical  point  as  defined  above. 

A  glance  on  the  same  drawing,  Fig.  7,  will  also  show  geome- 
trically that  this  maximum  ordinate  in  curve  C  (copper  loss 
curve)  is  determined  by  drawing  a  tangent  to  the  dielectric  curve 
parallel  with  the  dissipating  curve.  In  other  words  if  we  only 
know  these  two  curves  for  a  given  duct  line,  we  can  determine 
the  critical  point  by  drawing  such  a  tangent ;  the  abscissa  to  the 
point  of  tangency  will  then  indicate  the  critical  temperature  for 
this  particular  case.  Physically  one  can  express  the  same  fact 
by  saying  that  at  this  point  the  rate  of  increase  in  the  dissipating 
power  of  the  duct  line  equals  the  corresponding  rate  of  increase 
in  the  dielectric  losses  generated  (curve  A),  while  beyond  this 
point  the  latter  rate  will  be  the  larger;  hence  the  unstable  condi- 
tion. 
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The  fact  that  we  can  determine  the  critical  point  in  this  way 
is  important  since  it  allows  us  to  grasp,  at  a  glance,  the  essential 
facts  about  the  critical  temperature  for  a  given  case. 

Conditions  Which  Influence  the  Critical  Temperature.  It  shows 
for  instance — 1.  That  for  a  given  duct  line  with  a  definite  num- 
ber and  make  "of  cables,  the  critical  point  will  always  be  reached 
at  the  same  actual  temperature  (critical  temperature)  independ- 
ent of  the  original  soil  temperature. 

2.  That  this  critical  temperature  will  be  the  lower,  the  steeper 
the  dielectric  curve  is,  and  the  greater  the  angle  <f>  of  the  dissi- 
pating curve;  cables  with  a  low  and  flat  dielectric  curve  are, 
therefore,  greatly  preferable. 

3.  The  angle  <f>  of  the  dissipating  curve  depends  on  the 
character  of  the  soil  surrounding  the  duct  line.  If  the  surround- 
ings consist  of  poor  heat  conductors,  like  dry  sand  or  ashes,  it 
will  result  in  a  greater  temperature  rise  for  the  same  watts  lost ; 
this  means  a  greater  angle  <f>  of  the  dissipating  curve  and  there- 
fore a  lower  critical  temperature. 

4.  In  a  similar  way  will  the  critical  temperature  be  influenced 
by  the  number  of  cables  installed  in  a  duct  line.  With  the  same 
energy  lost  per  cable  we  get  a  total  loss  in  a  duct  line  directly 
proportional  with  the  number  of  cables  installed  and  since  the 
heat  dissipating  surface  of  the  duct  line  only  increases  at  a  slower 
rate,  the  result  is  a  higher  temperature  rise  of  the  duct  for  the 
line  with  the  many  cables.  Hence  the  greater  angle  <f>  of  the 
dissipating  curve  and  the  lower  critical  temperature. 

These  facts  are  important  since  they  show  that  dry  soil 
surrounding  a  duct  line  and  the  installation  of  too  many  cables  in 
one  line  should  be  avoided,  as  far  as  possible.  Not  only  do  both 
conditions  tend  to  produce  much  higher  temperatures  for  the 
same  energy  lost,  but  since  the  critical  temperature  is  lower,  it 
means  also  that  cables  in  such  a  line  can  only  stand  a  lower 
temperature. 

Example  of  Application.  In  the  theory  developed  above,  it  is 
clearly  pointed  out,  that  each  duct  line  represents  its  own 
individual  problem  in  rating.  The  examples  given  below  are 
therefore  to  be  taken  only  as  illustrations  of  the  application  of 
the  principles  involved  and  not  as  giving  definite  ratings — always 
applicable. 

Fig.  8  shows  a  section  of  a  duct  line  in  Baltimore,  Md.  It 
consists,  as  shown,  of  twenty  ducts  of  vitrified  clay,  arranged 
in  two  sections.   It  contains  at  present  fourteen  current  carrying 
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cables  of  which  thirteen  are  operated  at  13,000  volts  and  one  at 
4000  volts.  All  of  them  are  number  0000  copper  cable,  three- 
phase,  lead-covered,  and  with  an  insulation  6/32  in.  by  6/32  in. 
(4.7  mm.  by  4.7  mm.). 

For  this  duct  line  the  dissipating  curve  was  calculated  from 
the  known  load,  the  dielectric  characteristics  of  the  cable  and  a 
large  amount  of  measurements  of  the  copper,  duct  and  soil 
temperature  at  the  very  hottest  sections  of  the  line. 

In  Fig.  9  this  dissipating  curve  is  shown  as  B%.  It  should  be 
understood  that  in  this  case  it  is  calculated  so  as  to  represent 
temperature  rise  of  the  copper  of  the  hottest  cable  above  the 
soil  surrounding  the  duct  line. 


By  means  of  this  dissipating  curve  and  the  dielectric  curve 
we  can  now  calculate  the  final  copper  temperatures  for  various 
loads  and  soil  temperatures  by  means  of  the  procedure  described 
above. 

A  number  of  such  calculations  has  been  made  and  the  results 
shown  in  Fig.  10  for  initial  soil  temperatures  of  0,  10,  20,  30  and 
40  deg.  cent. 

It  will  be  seen  that  at  about  65  deg.  cent,  the  curve  starts 
bending  backwards;  this  is  therefore  the  critical  point  for  this 
particular  duct  line. 

In  order  to  play  safe  it  is  evident  that  the  average  temperature 
on  a  steady  load  run  should  never  be  allowed  to  reach  this  critical 
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point.  Let  us  assume  that  10  deg.  cent,  below  this  point,  i.  e.f 
a  final  copper  temperature  of  55  deg.  cent.,  is  the  highest  tem- 
perature we  will  permit.  It  is  then  evident  that  the  curves  in 
Fig.  10  give  us  a  cable  rating  as  depending  on  the  soil  tempera- 
ture. This  rating  is  shown  in  Fig.  11  (curve  marked  specimen 
C).  As  abscissas  are  used  the  initial  soil  temperatures  in  0  deg. 
cent.,  while  as  ordinates  are  used  both  amperes,  i.  e.t  continuous 
carrying  capacity  and  also  the  kw-hr.  output  per  day,  corres- 
ponding to  such  a  continuous  load  at  power  factor  of  1.  From 
this  curve  it  may  be  noted,  for  instance,  that  at  freezing  tempera- 
ture of  the  soil,  the  cables  can  carry  safely  106  amperes  con- 


AMPERES  PER  PHASE, 


Fig.  10 — Temperatures  of  Conductors  Reached  in  a  High- 
Tension  Duct  Line  With  13  Cables  Installed  as  Depending  on 
the  Load  and  Soil  Temperature — Specimen  C  Dielectric  Charac- 
teristics are  Assumed 

tinuously,  or  58,500  kw-hr.  per  day,  while  at  a  soil  temperature 
of  40  deg.  cent,  or  above,  no  load  whatever  can  be  carried. 

Cable  Rating  with  Cables  of  Different  Make.  The  cable  rating 
thus  determined  for  the  above  described  duct  refers  to  cables  of 
dielectric  characteristics  as  specimen  C  in  Fig.  3.  The  rating 
of  the  same  duct  line  with  cables  of  dielectric  characteristics  as 
specimens  A,  B  and  D  has  also  been  figured  out  and  is  shown  in 
Fig.  11.  For  the  specimens  A  and  B  the  safe  copper  temperature 
has  been  assumed  to  be  10  deg.  below  the  critical  temperatures 
(60  deg.  and  50  deg.  respectively)  in  the  same  way  as  was  done 
for  specimen  C  above.    For  specimen  D  where  the  dielectric 
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losses  increase  so  very  much  slower  with  increasing  temperature 
than  they  do  on  the  other  specimens,  it  was  found,  however, 
that  the  critical  point  would  not  be  reached  before  the  copper 
temperature  was  160  deg.  cent.  Hence  the  rating  of  this  cable 
would  not  be  limited  at  all  by  the  critical  temperature  of  the 
duct  line,  but  would  rather  depend  on  whatever  temperature 
could  be  considered  safe  for  the  insulation  itself.  If  we  follow 
the  A.  I.  E.  E.  Rules  laid  down  in  section  677  and  adopt  72  deg. 
cent,  as  a  safe  temperature  for  this  cable,  we  get  the  rating  shown 
by  curve  A,  Fig.  11.  As  it  is  probable  that  the  temperature 
limits  set  by  the  Institute  Rules  in  its  section  677,  are  made  so 


SOIL  TEMPERATURES.  DEGREES  CENT 

Fig.  11 — Curves  Showing  How  the  Soil  Temperature  Affects 
Cable  Rating  in  Fayette  Street  Duct  Line  for  Cables  of  Various 
Dielectric  Characteristics 

low  on  account  of  a  vague  fear  of  reaching  a  critical  temperature 
for  the  cables  and  as  it  has  been  shown  that  for  specimen  D 
cable,  no  such  fear  need  be  entertained,  it  would,  perhaps,  seem 
more  reasonable  to  use  as  a  permissible  temperature  for  this 
cable  the  figure  (105  deg.  cent.)  given  in  the  A.  I.  E.  E.  Rules, 
section  377  for  Class  A  insulation.  Corresponding  to  this  we 
get  curve  5,  Fig.  11. 

A  comparison  of  all  these  curves  shown  on  Fig.  11  gives  a  very 
clear  impression  of  the  extreme  limitation  the  dielectric  losses 
may  put  on  cable  ratings,  especially  in  hot  summer  weather. 
As  an  illustration  let  us  consider  a  summer  condition  with  a  soil 
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temperature  of  21  deg.  cent.  (At  the  average  depth  of  the  duct 
line.) 

To  this  corresponds  the  following  ratings: 

Specimen  A  38  amperes   21,000  kw-hr.  per  day 
"      B  65       "        36,000  «     «    «  « 
u      C  72      u        40,000  a     «    «  « 
D  127       u        71,000  «     «    «  « 
Or  a  rating  more  than  three  times  greater  for  specimen  D  than 
for  A. 

In  winter  time,  of  course,  more  load  can  be  carried  on  all 
types  of  cables,  but  the  difference  in  rating  is  less  striking. 

A  number  of  other  practical  cases  with  the  number  of  cables 
in  a  duct  line  varying  from  2  to  12  were  also  calculated.  With 
dielectric  curves  of  the  characteristics  found  for  specimens  A,  B 
and  C  the  critical  temperature  varied  from  50  deg.  to  90  deg. 

In  view  of  these  facts  it  seems  reasonable  to  propose, 

1.  That  high-tension  cables  always  should  be  purchased 
under  certain  guarantees  as  to  dielectric  losses  at  various  tem- 
peratures. 

2.  That  for  determining  the  load  carrying  capacity  of  a  given 
high-tension  duct  line  the  critical  temperature  should  be  inves- 
tigated and  the  rating  made  so  that  the  highest  copper  tempera- 
ture (under  steady  load  conditions)  always  would  remain  a 
definite  number  of  degrees  centigrade  (say  10  deg.  cent.)  below 
this  point.  If  the  critical  temperature  on  the  other  hand  is 
found  to  lie  so  high  that  temperatures  lower  than  this  may  be 
destructive  to  the  installation  these  naturally  would  govern; 
but  in  such  a  case  the  same  temperature  should  be  considered 
permissible  for  high-tension  cable  as  for  a  low-tension  cable. 

In  this  paper  only  constant  load  conditions  have  been  consid- 
ered. 

The  above  investigation  has  been  conducted  under  the  auspices 
of  the  Consolidated  Gas,  Electric  Light  and  Power  Co.,  of  Balti- 
more and  the  Pennsylvania  Water  and  Power  Co. 


Presented  at  the  332nd  Meeting  of  the  American 
Institute  of  Electrical  Engineers,  New  York, 
June  27,  1 917. 
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INSULATION  CHARACTERISTICS  OF  HIGH-VOLTAGE 

CABLES 


BY  W.  S.  CLARK  AND  G.  B.  SHANKLIN 


Abstract  of  Paper 
The  insulation  characteristics  of  different  types  of  single-  and 
three-conductor  cable,  determined  largely  by  dielectric  energy 
loss  measurements,  are  discussed  in  detail.  Particular  attention 
is  given  to  paper  insulated  cable,  both  new  cable  and  cable  that 
has  been  in  service  being  considered.  Varnished  cambric  and 
different  grades  of  rubber  insulation,  as  well  as  cable  compounds 
are  also  dealt  with  briefly. 


THE  experience  of  operating  companies  here  in  America  over 
a  period  of  years  shows  that  practically  all  failures  on 
high-voltage  underground  cable  systems  can  be  attributed  to 
heating.  The  cable  line  on  which  failure  occurs  is  usually  not 
heated  over  its  whole  length  to  a  dangerous  temperature,  but 
only  at  certain  points,  generally  known  as  "hot  spots." 

The  "hot  spot"  temperature  plays  an  important  part  in  all 
sections  of  an  electrical  system,  but  in  no  part  of  a  system  is  it 
so  much  the  limiting  feature  as  in  the  underground  cables,  and 
in  consequence,  in  no  other  part  of  the  system  does  dielectric 
energy  loss  at  normal  frequency  and  voltage  play  such  a  pre- 
dominating part.  This  is  so  because  of  the  rapid  rise  of  dielec- 
tric loss  with  temperature  and  its  cumulative  tendency  at  high 
temperature. 

Discussion  of  Dielectric  Energy  Loss  Measurements 
The  purpose  of  this  paper  is  to  show  the  value  of  dielectric 
energy  loss  measurements  in  studying  cable  designs  and  as  an 
assistance  to  the  manufacturers  and  users  of  cable.  To  obtain 
the  greatest  usefulness,  the  study  of  energy  loss  should,  of 
course,  be  paralleled  with  other  tests  and  observations,  and  this 
we  have  attempted  to  do. 

These  data  were  taken  with  the  object  of  representing  opera- 
ting conditions  as  closely  as  possible.   A  constant  frequency  of 
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60  cycles  was  used  throughout.  There  are  so  many  variables  to 
be  considered  that  it  requires  numerous  data  to  include  them  all, 
and  this  complicates  things  quite  enough  without  bringing  in 
frequency  variations.  In  every  case  the  voltage  range  used 
gives  readings  well  above  and  below  the  operating  voltage  of 
the  sample. 

In  duct  operation,  the  copper  temperature  is  only  a  few  de- 
grees higher  than  that  of  the  lead  sheath  and  the  temperature  is 
graded  through  the  thickness  of  insulation.  It  is  not  desirable 
to  represent  this  condition  in  the  laboratory,  even  if  it  were  pos- 
sible to  do  so  with  any  degree  of  accuracy.  The  temperature 
gradient  would  not  be  the  same  in  samples  of  different  cross  sec- 
tions and  the  measurements  on  these  would  not  be  comparable. 
A  very  complicated  variable  is  eliminated  by  heating  the  cross 
section  to  a  uniform  temperature.  This  represents  conduit  con- 
ditions fairly  closely.  The  greatest  loss  per  cm8  occurs  in  the 
insulation  next  to  the  conductor,  where  the  stress  is  greatest, 
and  the  increase  brought  in  by  having  the  outer  wrappings  at 
a  slightly  higher  temperature  than  they  would  be  in  the  ducts, 
is  not  important.  At  any  rate  the  losses  measured  are  on  the 
safe  side,  that  is,  higher  than  would  occur  in  operation. 

Method  of  Test 
The  readings  were  ta,ken  by  the  "compensated  dynamometer 
wattmeter  method,"  fully  described  in  an  article  published  last 
year.  *  The  principle  of  this  method  is  simply  a  correction  of 
all  phase-angle  errors  by  reference  to  a  standard  high-voltage 
variable  air  condenser  having  a  negligible  phase  difference  from 
90  deg.  The  possible  errors  that  can  be  introduced  and  checks 
upon  the  accuracy  of  the  method  are  discussed  in  detail  in  the 
article. 

A  smooth-core  generator  and  special  testing  transformer  were 
used  and  gave  a  sine  wave  under  all  conditions  of  test  as  shown  by 
oscillographic  records.  This  is  not  of  great  importance,  however, 
as  distortion  of  wave  shape  within  reasonable  limits  does  not 
affect  energy  loss  measurements.  Monasch  t  brought  this  out 
in  an  interesting  way. 

*  "Compensated  Dynamometer  Wattmeter  Method  of  Measuring 
Dielectric  Energy  Loss,"  by  G.  B.  Shanklin,  General  Electric  Review, 
Oct.  1916. 

t  See  "The  Loss  of  Energy  in  the  Dielectric  of  Condensers  and  Cables" 
by  Dr.  Bruno  Monasch.   London  Electrician,  Vol.  59,  p.  416. 
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Paper-Insulated  Cable 

It  is  an  interesting  fact  that  paper-insulated  cable,  the  most 
generally  used  of  all  types  of  cable,  is  susceptible  to  the  widest 
variation  in  its  insulation  characteristics.  The  reason  is  not 
hard  to  find  but  it  is  hard  to  put  on  paper  in  condensed  form. 

In  practically  all  of  the  standard  types  of  impregnated  or 
treated  fibrous  insulations,  with  the  exception  of  paper  cable 
insulation,  treatment  is  given  after  it  is  thoroughly  filled  to 
render  the  filler  solid  and  firmly  "set/'  This  is  called  "curing" 
and  it  is  well  known  that  a  cured  insulation  is  more  stable  and 
uniform  than  an  "uncured"  one,  although  it  does  not  necessarily 
have  inherently  better  electrical  characteristics.  Now,  in  paper 
insulated  cable  the  filler  remains  in  a  semi-liquid  or  viscous  form 
and  the  material  operates  throughout  its  life  in  an  "uncured"  or 
"green"  condition.  It  is  not  an  inert  mass  but  is  chemically, 
electrically  and  physically  "alive."  It  will  not  be  active  in  any 
of  the  above  senses  if  the  ingredients  and  processes  are  properly 
chosen,  still  it  is  "alive"  and  every  detail  of  its  manufacture 
must  be  carefully  watched. 

The  paper  and  jute  serve  as  mechanical  spacers  and  the 
characteristics  of  the  insulation  as  a  whole  are  determined  to  a 
great  extent  by  the  quality  of  the  filling  compound.  In  making 
this  statement  it  is  assumed  that  the  paper,  jute  and  compound 
are  initially  free  of  moisture  and  other  conducting  impurities. 
In  choosing  the  compound  we  must  not  only  be  sure  of  its  having 
the  best  insulating  properties  when  first  put  in  the  cable  but  we 
must  also  be  sure  that  it  is  chemically  stable  and  that  it  will  not 
react  chemically  with  either  the  paper,  jute  or  copper  under  the 
temperature  and  voltage  stress  met  with  during  its  years  of 
operation. 

Tests  on  Compound 

The  60-cycle  dielectric  energy  loss  data  on  a  standard  type  of 
mineral  hydro-carbon  base  cable  compound  are  given  in  Table  I. 

Space  will  not  allow  the  presentation  of  curves  showing  all  the 
different  characteristics.  They  are  all  interesting  and  well 
worth  studying  from  the  table  but  only  those  curves  will  be 
given  that  bring  out  particular  points  of  interest.  This  plan 
will  have  to  be  followed  throughout  the  paper.  The  tables  are 
submitted  with  the  readings  arranged  consecutively  in  the  same 
order  in  which  they  were  taken. 

Fig.  1  shows  the  variation  of  power  factor  and  permittivity 
with  temperature.    The  relative  permittivity  decreases  with 
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temperature  and  there  is  a  very  decided  hump  in  the  curve 
between  50  and  75  deg.  cent.  It  is  over  this  range  that  the  com- 
pound is  gradually  changing  from  a  solid  to  a  semi-liquid  state, 
with  a  corresponding  expansion  of  volume  and  decrease  in  specific 
gravity. 

The  permittivity  curve  is  replotted  in  Fig.  2  for  comparison 
with  a  corresponding  curve  of  a  typical  heavy,  mineral  insulating 

TABLE  I. 

MINERAL  HYDROCARBON  BASE  CABLE  COMPOUND  NO.  1 


Frequency  60  cycles 


Temp. 

W/cm* 

1/cm* 

P.F. 

P 

deg.  cent. 

kv./cro. 

10"  * 

io-« 

per  cent. 

K 

10» 

106 

6 

06 

0 

776 

0.486 

26 

3 

2.322 

4.71 

8 

06 

1 

410 

0.641 

27 

3 

2.295 

4.58 

10 

08 

2 

260 

0.800 

28 

0 

2.283 

4.52 

12 

08 

3 

280 

0 

960 

28 

2 

2.280 

4.44 

14 

94 

5 

040 

1 

182 

28 

3 

2.284 

4.44 

18 

10 

7 

520 

1 

442 

28 

6 

2.292 

4  40 

75 

6 

06 

0 

202 

0 

492 

6 

75 

2.421 

18.10 

8 

05 

0 

356 

0 

651 

6 

74 

2.415 

18.20 

10 

08 

0 

557 

0 

812 

6 

86 

2.412 

18.30 

12 

08 

0 

817 

0 

972 

6 

95 

2.406 

17.80 

14 

94 

1 

282 

1 

194 

7 

08 

2.400 

17.40 

18 

10 

1 

910 

1 

445 

7 

27 

2.394 

17.60 

48 

6 

06 

0 

0410 

0 

493 

1 

44 

2.436 

90.3 

8 

05 

0 

0702 

0 

652 

1 

34 

2.427 

92.4 

10 

08 

0 

1045 

0 

815 

1 

27 

2.421 

97.6 

12 

08 

0 

1532 

0 

982 

1 

30 

2.412 

94.8 

14 

94 

0 

2370 

1 

195 

1 

32 

2.406 

94.2 

18 

10 

0 

3570 

1 

450 

1 

35 

2.406 

94.2 

32 

6 

06 

0 

01260 

0 

494 

0.422 

2.442 

295 

8 

05 

0 

01982 

0.653 

0.377 

2.433 

320 

10 

08 

0 

02916 

0.814 

0.351 

2.430 

335 

12 

08 

0 

04260 

0.979 

0.359 

2.433 

341 

14 

94 

0 

06490 

1 

212 

0.424 

2.436 

344 

18 

10 

0 

9460 

1.472 

o.: 

362 

2.439 
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oil.  The  permittivity  values  of  the  oil  were  measured  at  low 
voltage,  750  cycles,  by  the  Anderson  bridge  method.  Fig.  2 
also  shows  the  variation  of  the  specific  gravities  *  of  these  two 
materials  with  temperature.  It  is  interesting  to  note  that  the 
corresponding  values  of  permittivity  and  specific  gravity  vary 

*  Thanks  are  due  Mr.  J.  Dantsizen  who  made  the  specific  gravity 
measurements  on  the  compound. 
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in  exactly  the  same  way.  The  gravity  curves  ^how  that  the  total 
expansion  of  the  solidifying  cable  compound  is  no  greater  than 
that  of  .an  oil  which  remains  liquid  over  the  given  range  of  tem- 
perature. 

The  effective  a-c.  resistivity  vs.  temperature  is  shown  in  Fig.  3, 
which  also  shows  the  d-c.  resistivity  measured  at  low  voltage 
under  entirely  different  conditions  and  several  weeks  later. 
The  corresponding  curves  for  a  special  grade  compound  of  the 
same  type,  not  included  in  the  tables,  are  also  given  in  Fig.  3. 
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Pig.  1 — Relative  Permittivity  and  Power  Factor  of  Mineral 
Hydrocarbon  Base  Cable  Compound  at  16  Kv.  Per  Cm. 

The  relative  difference  between  the  two  compounds  is  approxi- 
mately the  same  under  the  two  methods  of  test,  one  carefully 
made  with  elaborate  apparatus,  and  the  other,  under  entirely 
different  conditions  with  comparatively  simple  apparatus.  This 
is  important  for  it  supplies  an  easy  way  of  determining  the  value 
of  a  compound.  To  appreciate  this  fully  an  outline  of  the  two 
tests  is  given  below. 

The  a-c.  measurements  were  taken  between  plane  disks  spaced 
one  cm.  apart  with  the  edge  of  the  grounded  plate  protected  by  a 
guard  ring,  1/32  in.  (0.794  mm.)  spacing  between  guard  ring  and 


V 

452 


CLARK  AND  SHANKLIN: 


Lfune  27 


plate.  The  active  area  was  40  cm.  in  diameter.  Every  care  was 
taken  to  obtain  a  uniform  temperature  and  shield  from  all 
sources  of  exterior  loss. 

The  d-c.  measurements  were  taken  at  500  volts  between  disks 
5  cm.  in  diameter  and  spaced  0.33  cm.  apart.  No  guard  rings 
were  used  and  no  special  precautions  were  taken  to  eliminate 
surface  leakage.  The  spacing  was  accomplished  by  placing  a 
small  glass  rod  0.33  cm.  diameter  between  the  disks. 


10        30        50        70        90  no 
TEMPERATURE  DEC.  C. 

Fig.  2 — Relative  Permittivity  and  Specific  Gravity  of  a  Heavy 
Mineral  Insulating  Coil  and  Mineral  Hydrocarbon  Base 
Cable  Compound 

Considering  the  difference  in  the  methods,  the  a-c.  and  d-c. 
readings  check  quite  closely.  Theoretically  the  d-c.  resistance 
should  be  slightly  the  highest.  The  tests  on  compound  are 
always  started  at  high  temperature  so  that  any  moisture  that 
may  have  been  absorbed  during  exposure  to  air  will  be  expelled. 

Single-Conductor  Cable 
The  data  given  in  this  paper  have  become  generally  known  as 
dielectric  energy  loss  measurements.    This  is  only  part  of  the 
truth,  since  all  of  the  electrical  constants  and  characteristics 
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can  be  calculated  for  the  particular  conditions  of  temperature, 
frequency,  etc.,  under  which  they  are  taken. 

The  nomenclature  and  formulas  for  single-conductor  cable  as 
used  throughout  are  given  in  Appendix  A. 

Data  on  Single-Conductor  Paper  Cable 

Cable  No.  1.  The  data  in  Table  II  were  taken  on  a  six-ft. 
(1.83-m.)  length  of  single-conductor  paper-insulated  cable, 


Hydrocarbon  Base  Cable  Compound 

made  up  special  for  test  and  tested  a  few  weeks  after  being  made. 
The  data  on  only  one  6-ft.  sample  are  given  but  three,  cut  from 
the  same  length  of  cable,  were  tested  and  checked  almost  exactly. 
The  specifications  were: 

2/0  stranded  conductor,  0.412  in.  (10.45  mm.)  max.  diameter. 
9/32-in.  (7.144  mm.)  paper,  vacuum  treated  and  filled  with  a 
mineral  hydrocarbon  base  cable  compound. 
3/32-in.  (2.38-mm.)  lead  sheath. 
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TABLE  II.    (CABLE  NO.  1) 
2/0  single  conductor,  maximum  diameter  0.412  in. 
0/32  in.  paper  filled  with  mineral  hydrocarbon  base  compound. 
3/32  in.  lead  sheath. 

Frequency  60  cycles.  


T 

E 

//ft. 

P.F. 

C/ft. 

Pav 

deg.  cent 

10» 

W/it. 

io-* 

per  cent. 

10"9 

10w 

25 

6 

0.00882 

0.1455 

1.01 

0.0645 

3.257 

91.0 

10 

0.0250 

0.244 

1.024 

0.0648 

3.280 

89.40 

14 

0.550 

0.344 

1.142 

0.653 

3.300 

79.50 

18 

0. 140 

0.445 

1.742 

0.0651 

3.320 

51.60 

22 

0.308 

0.548 

2.552 

0.0661 

3.347 

35.00 

26 

0.542 

0.654 

3.19 

0.0667 

3.377 

28. 15 

30 

0.8125 

0.760 

3.563 

0.0672 

3.402 

24.50 

50 

6 

0.0450 

0.147 

5.10 

0.0650 

3.286 

17.82 

10 

0.1360 

0.246 

5.53 

0.0651 

3.300 

16.40 

14 

0.280 

0.3455 

6.79 

0.0655 

3.312 

15.60 

18 

0.505 

0.448 

6.26 

0.0660 

3.340 

14.30 

22 

0.837 

0.557 

6.905 

0.0671 

3.398 

12.89 

26 

1.268 

0.676 

7.22 

0.0692 

3.485 

11.90 

75 

6 

0.214 

0.155 

23.13 

0.0667 

3.380 

3.76 

8 

0.382 

0.207  • 

23.30 

0.0668 

3.382 

3.74 

10 

0.600 

0.259 

23.50 

0.0669 

3.386 

3.72 

12 

0.883 

0.312 

23.76 

0.671 

3.396 

3.64 

14 

1.218 

0.367 

24.09 

0.675 

3.418 

3.58 

16 

1.646 

0.426 

24.49 

0.0686 

3.472 

3.48 

18 

2.130 

0.486 

25.05 

0.0694 

3.515 

3.39 

100 

5 

0.292 

0.150 

39.05 

0.0735 

3.713 

1.982 

7 

0.587 

0.211 

39.78 

0.0736 

3.720 

1.860 

10 

1.224 

0.304 

41.10 

0.0738 

3.722 

1.820 

13 

2.127 

0.398 

41.10 

0.0740 

3.750 

1.775 

14 

2.483 

0.432 

41.10 

0.0748 

3.790 

1.764 

15 

2.850 

0.468 

41.10 

0.0752 

3.850 

1.760 

75 

6 

0.239 

0.1585 

25.07 

0.0682 

3.44 

3.36 

8 

0.432 

0.211 

25.60 

0.0677 

3.43 

3.33 

10 

0.688 

0.264 

26.07 

0.0677 

3.43 

3.24 

12 

1.000 

0.318 

26.22 

0.0680 

3.436 

3.215 

14 

1.378 

0.374 

26.32 

0.0685 

3.467 

3.18 

16 

1.852 

0.4333 

26.72 

0.0694 

3.507 

3.06 

18 

2.412 

0.496 

27.02 

0.0705 

3.567 

3.00 

50 

6 

0.059 

0.147 

7.83 

0.0650 

3.286 

11.40 

10 

0.211 

0.246 

8.58 

0.0651 

3.300 

10.58 

14 

0.442 

0.3455 

9.13 

0.0655 

3.312 

9.87 

18 

0.805 

0.448 

9.985 

0.0660 

3.340 

8.96 

22 

1.321 

0.557 

10.27 

0.0671 

3.398 

8.15 

25 

1.860 

0.646 

11.51 

0.0692 

3.485 

7.49 

25 

6 

0.0105 

0.1455 

1.202 

0.0645 

3.257 

76.40 

10 

0.0305 

0.244 

1.250 

0.0648 

3.280 

73.00 

14 

0.0762 

0.344 

1.582 

0.0653 

3.300 

57.30 

18 

0.1935 

0.445 

2.418 

0.0651 

3.320 

37.40 

22 

0.383 

0.548 

3.175 

0.0661 

3.347 

28.20 

26 

0.627 

0.654 

3.692 

0.0667 

3.377 

24.05 

30 

0.934 

0.760 

4.100 

0.0672 

3.402 

21.50 
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can  be  calculated  for  the  particular  conditions  of  temperature, 
frequency,  etc.,  under  which  they  are  taken. 

The  nomenclature  and  formulas  for  single-conductor  cable  as 
used  throughout  are  given  in  Appendix  A. 

Data  on  Single-Conductor  Paper  Cable 

Cable  No.  1.  The  data  in  Table  II  were  taken  on  a  six-ft. 
(1.83-m.)  length  of  single-conductor  paper-insulated  cable, 
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plate.  The  active  area  was  40  cm.  in  diameter.  Every  care  was 
taken  to  obtain  a  uniform  temperature  and  shield  from  all 
sources  of  exterior  loss. 

The  d-c.  measurements  were  taken  at  500  volts  between  disks 
5  cm.  in  diameter  and  spaced  0.33  cm.  apart.  No  guard  rings 
were  used  and  no  special  precautions  were  taken  to  eliminate 
surface  leakage.  The  spacing  was  accomplished  by  placing  a 
small  glass  rod  0.33  cm.  diameter  between  the  disks. 
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Fig.  2 — Relative  Permittivity  and  Specific  Gravity  of  a  Heavy 
Mineral  Insulating  Coil  and  Mineral  Hydrocarbon  Base 
Cable  Compound 

Considering  the  difference  in  the  methods,  the  a-c. 
readings  check  quite  closely.    Theoretically  the  d-c,  HI 
should  be  slightly  the  highest.    The  tests  on  comf 
always  started  at  high  temperature  so  that  any 
may  have  been  absorbed  during  exposure  to  I 


Single-Conductor 
The  data  given  in  this  paper  have  bee* 
dielectric  energy  loss  measurements, 
truth,  since  all  of  the  electrical 
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can  be  calculated  for  the  particular  conditions  of  temperature, 
frequency,  etc.,  under  which  they  are  taken. 

The  nomenclature  and  formulas  for  single-conductor  cable  as 
used  throughout  are  given  in  Appendix  A. 

Data  on  Singh-Conductor  Paper  Cable 

Cable  No.  1.  The  data  in  Table  II  were  taken  on  a  six-ft. 
(1.83-m.)  length  of  single-conductor  paper-insulated  cable, 
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or  test  and  tested  a  few  weeks  after  being  made. 


one  6-ft.  sample  are  given  but  three,  cut  from 
cable,  were  tested  and  checked  almost  exactly. 


conductor,  0.412  in.  (10.45  mm.)  max.  diameter. 
7, 144  mm.)  paper,  vacuum  treated  and  filled  with  a 
•bon  base  cable  compound 
..)  lead  sheath. 
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Referring  to  Fig.  7  the  25  deg.  cent,  curves  begin  to  decrease 
rapidly  betWeen  11  and  12  kv.,  that  is,  internal  ionization  begins 
here.  Gradually  a  point  of  saturation  is  reached  and  the  energy 
consumed  by  ionization  approaches  more  nearly  a  true  ohmic 
loss. 

The  50  deg.  cent,  curves  are  more  stable  and  the  75  deg.  and 
100  deg.  cent,  curves  entirely  so.  The  specific  gravity  of  the 
compound  alone,  Fig.  2,  shows  that  it  expands  appreciably  with 
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Fig.  7 — Specific  Resistivity  (Effective)  Cable  1  (Paper) 


temperature.  The  same  thing  must  occur  in  cables  and  the 
small  spaces  are  gradually  filled  up  as  the  temperature  increases, 
with  a  corresponding  increase  in  gas  pressure.  There  is  still 
slight  ionization  at  50  deg.  cent,  but  the  inherent  loss  in  the 
material,  itself,  predominates.  At  75  deg.  cent,  expansion  of  the 
compound  has  probably  reduced  these  air  spaces  to  an  almost 
infinitesimal  size,  and  in  addition,  the  gas  pressure  must  be  so 
high  that  ionization  is  practically  eliminated. 
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A  lest  made  later  on  the  sample  previously  discussed  shows  the 
effects  of  bending  paper  cable  to  small  radii  while  cold.  Curve  A 
xxx  8  was  taken  at  24  deg.  cent,  under  the  same  conditions  as 
the  25  deg.  cent,  curves  in  Fig.  7,  that  is,  with  the  length  bent 
U-shape  to  a  radius  of  9  in.  (22.8  cm.)  The  length  was  then 
wound  into  a  coil  having  a  diameter  of  4  in.  (10.16  cm.)  Curve 
B  in  Fig.  8  shows  that  considerably  more  energy  was  consumed 
by  ionization  and  there  must,  therefore,  have  been  more  space 
to  be  ionized.  It  is  interesting  to  note  that  ionization  began  at 
the  same  voltage  in  both  cases. 

An  unfilled  sample  length  of  cable  was  made  up  and  the 
effects  of  iijternal  ionization 
studied  more  closely.  This 
will  be  discussed  later. 

We  have  never  discovered 
a  case  where  trouble  in  op- 
eration could  be  attributed 
to  this  low  temperature 
characteristic.  Cables  used 
in  installation  work  are 
handled  more  carefully  than 
the  test  samples  were  and  in 
addition  there  is  little  likeli- 
hood of  continuous  internal 
ionization  under  operating 
conditions.  The  total  length 
of  time  a  cable  is  operated 
cold  is  only  a  small  per 
cent  of  its  total  life  and  even  when  the  conditions  are  favorable 
it  is  only  in  cables  of  small  conductor  diameter  or  very  high- volt- 
age rating  that  internal  ionization  is  probable  at  normal  opera- 
ting voltage.  That  this  ionization  must  be  of  a  weak  nature  is 
evident  by  the  extremely  small  loss  at  25  deg.  cent.  The  same 
effect  has  been  studied  in  highly  stressed  armature  coils  over 
long  periods  of  time  and  it  is  surprising  how  little  damage  internal 
ionization  causes  in  comparison  with  external  corona  at  points 
along  the  surface  of  the  coil. 

Here  also,  Evershed's  moisture  theory  could  be  made  to  apply 
and  even  better  than  in  the  case  of  the  "heat  cycles."   The  25 
deg.  cent,  effective  a-c.  resistivity  curves  in  Fig.  7  have  much 
^ame  characteristic  shape  as  the  d-c.  resistivity  curves  given 
paper.    But,  Evershed's  measurements  were  taken  on 
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Fig.  8 — Effect  of  Bending  on 
Internal  Ionization  at  24  Deg. 
Cent.  A — Bent  to  Large  Radius. 
B — Bent  to  Small  Radius 


\ 


1917)  INSULATION  CHARACTERISTICS  461 

materials  exposed  to  air  and  known  to  contain  appreciable 
amounts  of  moisture.  The  typical  d-c.  moisture  curve  drops 
rapidly  from  the  start  and  the  saturation  point  is  reached  at  com- 
paratively low-voltage  stress,  while  the  a-c.  resistivity  curve  on 
"dry"  materials,  that  is,  materials  reasonably  free  of  moisture, 
do  not  begin  to  drop  until  the  materials  are  well  stressed.  As  the 
paper  progresses  other  points  will  be  brought  out  confirming  the 
conclusion  that  internal  ionization  accounts  for  the  peculiar 
shape  of  these  curves. 

The  rapid  decrease  in  effective  resistance  and  corresponding 
increase  in  watts  loss  with  increasing  temperature  as  shown  in 
Figs.  4  and  7  is  not  due  to  secondary  effects  such  as  moisture 
or  internal  ionization  of  entrapped  gases,  but  is  inherent  in  the 
material  itself  and  is  probably  some  sort  of  ionic  conduction, 
with  consequent  change  in  the  chemical  structure.  We  would 
naturally  expect,  then,  that  the  material  with  the  highest  effec- 
tive a-c.  resistance  at  high  temperature  would  be  the  least  liable 
to  deterioration  at  "hot  spots"  in  a  line  and  is  therefore  the 
most  desirable  one  to  use. 

The  power  factor  at  100  deg.  cent,  in  Fig.  5  is  45  per  cent, 
much  higher  than  any  measured  on  samples  of  three-conductor 
cable  in  which  the  same  materials  are  used.  In  looking  into  this 
it  was  found  that  in  making  up  the  short  length  (30  ft.  or  9.1  m.) 
for  test  purposes  the  regular  process  was  not  followed  as  closely 
as  it  should  have  been.  The  table  and  curves  are  given,  however, 
because  they  are  complete  and  bring  out  a  number  of  interesting 
points.  Another  test  length  was  made  up  under  more  favorable 
conditions  and  the  readings  on  this  are  given  below. 

Cable  No.  2.  Three  samples  were  cut  from  the  second  special 
length  of  cable.  The  readings  on  these  checked  very  closely  and 
only  one  will  be  considered.  This  same  plan  was  followed 
throughout  in  testing  lengths  of  new  cable,  the  samples  always 
checking  within  three  or  four  per  cent.  Cable  No.  2  was  similar 
in  every  respect  to  cable  No.  1,  except  that  care  was  taken  to 
represent  the  regular  three-conductor  process  more  closely. 

Only  one  heat  cycle  was  taken  and  the  values  are  given  in 
Table  III.  The  resistivity  vs.  voltage  curves  are  given  in  Fig.  9. 
The  same  characteristics  drop  in  resistivity  noted  in  Cable  No.  1 
is  again  in  evidence,  starting  at  12  kv.  and  reaching  saturation 
at  about  26  kv.  The  resistivity  is  much  higher  than  that  of 
cable  No.  1  and  the  power  factor  lower.  At  100  deg.  cent.,  as 
shown  in  Fig.  10,  the  power  factor  is  13.4  per  cent  and  this 
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TABLE  III.    (CABLE  NO.  2) 
2/0  single  conductor,  maximum  diameter  0.412  in. 
9/32  in.  paper  filled  with  mineral  hydrocarbon  base  compound. 
3/32  in.  lead  sheath. 

Frequency  60  cycles.  


T 

E 

//ft. 

P.P. 

C/ft. 

Pop. 

cent 

10* 

W/iX. 

io~* 

per  cent. 

lO"* 

10w 

Stfl 

6.06 

0.0040 

0.132 

0.505 

0.0577 

2.910 

205.6 

8.08 

0.00711 

0.176 

0.500 

0.0578 

2.915 

205.2 

10.00 

0.0110 

0.2155 

0.520 

0.0577 

2.910 

202.5 

15.20 

0.0349 

0.329 

0.696 

0.0575 

2.895 

147.0 

18.10 

0.0832 

0.392 

1.172 

0.0575 

2.895 

87.5 

21.00 

0.1970 

0.456 

2.050 

0.0576 

2.900 

49.8 

25.95 

0.6420 

0.582 

4.240 

0.595 

2.995 

23.3 

M 

6.06 

0.0162 

0. 136 

1.409 

0.0584 

2.940 

70.05 

8.08 

0.0205 

0. 178 

1.426 

0.0586 

2.955 

71.0 

10.00 

0.0320 

0.220 

1.454 

0.0590 

2.969 

69.7 

15.20 

0.0975 

0.336 

1.910 

0.0586 

2.955 

52.20 

18.10 

0.1850 

0.397 

2.575 

0.0581 

2.930 

39.40 

21.00 

0.3380 

0.462 

3.480 

0.0581 

2.930 

29.10 

25.95 

0.8740 

0.590 

5.700 

0.0625 

3.155 

17.12 

7B,B 

4.34 

0.0241 

0.093 

6.36 

0.0567 

2.860 

16.90 

6.06 

0.0480 

0. 132 

5.92 

0.0569 

2.868 

16.82 

8.08 

0.0852 

0.175 

5.80 

0.0568 

2.862 

16.74 

10.00 

0.1340 

0.214 

5.94 

0.0565 

2.852 

16.60 

12.10 

0. 1926 

0.258 

6.10 

0.0564 

2.840 

16.90 

15.20 

0.3280 

0.325 

6.64 

0.05645 

2.845 

15.70 

18.10 

0.5200 

0.387 

7.41 

0.05645 

2.845 

14.00 

100 

4.34 

0.0568 

0.097 

13.78 

0.0589 

2.970 

7.54 

6.06 

0. 1094 

0. 138 

13.60 

0.0590 

2.978 

7.46 

8.08 

0.1960 

0.182 

13.50 

0.0591 

2.980 

7.40 

10.00 

0.303 

0.2255 

13.41 

0.0591 

2.980 

7.35 

12.10 

0.447 

0.272 

13.60 

0.0591 

2.980 

7.29 

1  15.20 

0.720 

0.342 

14.20 

0.0591 

2.980 

7.13 

18.10 

1.116 

0.408 

15.10 

0.593 

2  985 

6.54 

4.34 

0.0254 

0.095 

6.16 

0.0580 

2.925 

16.50 

6.06 

0.0499 

0. 136 

6. 14 

0.0581 

2. 930 

16.46 

8.08 

0.0886 

0.177 

6.20 

0.0581 

2.932 

16.40 

10.00 

0.136 

0.220 

6.22 

0.0584 

2.940 

16.36 

12.10 

0.1990 

0.267 

6.38 

0.0584 

2.940 

16.32 

15.20 

0.3340 

0.336 

6.78 

0.0584 

2.940 

15.40 

18.10 

0.5540 

0.400 

7.50 

0.0585 

2.950 

13.19 

52 

6.06 

0.02135 

0.137 

2.57 

0.0594 

2.995 

38.20 

8.08 

0.0410 

0.181 

2.81 

0.0594 

2.995 

37.40 

10.00 

0.0600 

0.224 

2.78 

0.0594 

2.994 

36.70 

15.20 

0.1520 

0.339 

2.95 

0.0592 

2.980 

33.70 

18.10 

0.2684 

0.405 

3.55 

0.0594 

2.995 

27.20 

21.00 

0.4580 

0.468 

4.66 

0.592 

2.980 

21.50 

25.95 

1.024 

0.594 

6.65 

0.0605 

3.050 

14.60 

21 

6.06 

0.00497 

0.135 

0.607 

0.0577 

2.912 

164  0 

8.08 

0.00882 

0.179 

0.610 

0.0580 

2.922 

165.0 

10.00 

0.0139 

0.219 

0.635 

0.0580 

2.920 

160.5 

15.20 

0.0425 

0.334 

0.837 

0.0580 

2.920 

121.1 

18.10 

0.0906 

0.397 

1.262 

0.0581 

2.925 

80.5 

21.00 

0.203 

0.462 

2.090 

0.0581 

2.925 

48.5 

0.692 

0.590 

4.510 

0.0604 

3.040 

21.6 
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corresponds  with  measurements  on  samples  of  similar  three- 
conductor  cable.  We  can  give  no  explanation  for  the  peculiar 
behavior  of  the  permittivity  curves  m  Fig.  10.  This  is  the  only 
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Fig.  9— Specific  Resistivity  (Effective)  Cable  2  (Paper) 


length  of  cable  that  showed  a  decrease  of  permittivity  with  tem- 
perature. 

Although  the  high  temperature  losses  and  power  factors  are 
representative  of  the  materials  and  process  used  in  making  three- 
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Fig.  10 — Power  Factor  and  Relative  Permittivity  Cable  3 
(Paper)  at  10  Kv. 


conductor  cables,  the  low-temperature  characteristics  are  not, 
and  indicate  that  this  sample  length  was  not  sufficiently  well 
filled  with  compound.  This  will  be  brought  out  more  clearly 
as  the  paper  progresses. 
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Three-Conductor  Cable 

It  is  difficult  to  measure  three-phase  dielectric  losses  in  short 
samples  with  a  reasonable  degree  of  accuracy,  and  elaborate 
corrections  are  necessary.  For  this  reason  the  measurements 
on  three-conductor  cable  were  taken  single-phase.  Three-phase 
values  can  be  approximated  from  single-phase  readings. 

Fig.  11  is  a  cross-sectional  sketch  of  a  three-conductor  cable 
and  also  shows  the  equivalent  dielectric  circuit.  It  is  assumed 
that  s 

t\  =  r%  =  r3,  r4  =  r6,  =  r8,  C\  =  c%  =  c%  and  cA  =  cb  =  c6 

By  applying  single-phase  voltage  to  all  three  conductors  and 
grounding  the  lead  sheath  through  the  instrument,  readings  can 
be  taken  from  which  r\  and  cx  can  be  calculated  as  shown  in 
Appendix  B.    In  the  next  set  of  readings  voltage  is  applied  to 


conductor  A ,  and  conductors  B  and  C  are  connected  to  the 
ead  sheath.  From  these  readings  r4  and  cA  can  be  determined. 
Following  the  same  method  the  three-phase  values  can  be  cal- 
culated. The  nomenclature  and  formulas  are  all  given  in  Appen- 
dix B. 

Data  on  Three-Conductor  Paper  Cable 

Cable  No.  3.  This  length  was  cut  from  an  unused  reel  and  was 
never  in  service.  Specifications  are  given  below : 

2/0  three-conductor,  max.  diameter  0.412  in.  (10.45  mm.) 
9/32-in.  (7.14  mm.)  paper  on  each  conductor. 
7/32-in.  (5.5  mm.)  paper  over-all. 
Filled  with  a  mineral  hydrocarbon  base  compound. 
•  1/8-in.  (3.1  mm.)  lead  sheath. 

The  test  samples  each  had  an  active  length  of  lead  sheath  of 
9  ft.  (2.7  m.)  bent  into  a  half  circle  with  the  spread  ends 
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properly  sealed  and  immersed  in  crocks  of  oil.  The  whole  was 
placed  in  a  large  electrically  heated  oven. 

To  be  sure  that  no  error  was  introduced  by  "end  effects"  and 
exterior  sources  of  loss  a20-ft.  (6.1-m.)  length  was  first  tested  at 
28  deg.  cent,  and  then  cut  into  9-ft.  (2.6-m.)  lengths.  The  watt 
readings  per  foot  on  the  two  halves  checked  within  1.0  per  cent 
of  those  on  the  total  length. 

It  required  such  a  long  time  to  reach  uniform  temperature  at 
each  step,  (4  to  5  hours,  whereas  it  only  required  one-half  hour 
in  the  case  of  single-conductor  cable  immersed  in  oil),  that  a 
complete  heat  cycle  was  not  taken  but  only  steps  of  28,  48,  74 
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Fig.  12 — Watts  per  Foot  and  Power  Factor  Cable  3  (Paper) 
at  25  Kv. — New  Cable,  Never  in  Service 

and  98  deg.  cent.  The  calculated  single-  and  three-phase  values 
are  given  in  Table  IV.  Fig.  12  shows  the  total  calculated  three- 
phase  watts  {W%+)  and  three-phase  power  factor  (cos  0+)  for 
different  temperatures  at  25  kv.  The  corresponding  single- 
phase  measurements  (W%  and  cos  02),  taken  by  applying  high 
voltage  to  one  conductor  and  connecting  the  other  two  to  lead 
sheath,  are  also  given. 

Cos  6+  and  cos  02  agree  almost  exactly,  and  there  is  a  close 
comparison  between  and  W*.  For  samples  having  the  same 
thicknesses  of  conductors  and  jacket  insulation,  and 
would  probably  not  check  so  closely  but  there  would  still  be  a 
good  agreement  between  cos  0+  and  cos  02,  and  a  study  of  power 
factor  readings  is  sufficient;  in  fact,  it  is  the  only  practical  method 
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of  comparing  a  number  of  three-conductor  samples  having 
different  cross-sectional  dimensions. 

The  three-phase  calculations  in  Table  IV  require  entirely  too 
much  time  so  the  "two  conductor  to  lead  sheath"  connection 
(W%,  cos  02,  etc.)  was  adopted  as  a  standard  in  testing  the  other 
three-conductor  samples. 

The  98  deg.  cent,  power  factor,  Fig.  12,  is  16.7  per  cent  while 
that  of  cable  No.  2,  made  up  by  the  same  process  is  13.5  per  cent. 
This  is  a  very  fair  agreement  when  it  is  considered  that  one  is 
single-  and  the  other  three-conductor,  and  that  they  represent 
different  batches. 

It  is  to  be  expected  that  a  single-conductor  cable  would  have  a 
slightly  lower  power  factor  than  a  similar  three-conductor 
cable.  Referring  to  Fig.  13  and  assuming  a  single-phase  voltage 
E  impressed  between  conductor  A  and  the  other  two  conductors, 
B  and  C,  which  are  grounded  to  the  lead  sheath,  the  potential 
at  points  2  and  3  would  be  0.5  E.  The  potential  at  point  1 
would  be  a  little  above  ground,  say  0.1  £,  then  the  potential  * 
between  2-1  and  3-1  would  be  0.4  E.  This  tangential  stress  causes 
a  leakage  or  equalizing  current  to  flow  along  the  surfaces  between 
the  paper  and  jute  filler,  and  thereby  adds  to  the  total  loss.  The 

value  of  the  excess  loss  would  be  de- 
termined by  the  value  of  the  effective 
a-c.  resistance  in  the  surface  leakage 
path.  If  this  is  very  high,  the  excess 
loss  will  be  only  a  small  part  of  the 
total,  but  if  it  is  comparatively  low, 
this  loss  may  be  an  appreciable  part. 
It  is  important  then,  that  materials 

Fig.  13-Cross  Section  be  u^d  *ere  that  have  the„  hiShest 
of  Three-Conductor  Cable  possible  ''surface  resistance,"  especi- 
ally at  high  temperatures. 
Three-phase  tangential  stress  between  the  points  1,  2  and  3 
is  higher  than  single-phase,  and  appears  in  a  different  way.  Let 
the  three-phase  line  voltage  be  E+ .  Point  4,  being  the  center  of  a 
symmetrical  arrangement,  will  be  at  ground  potential  and  the 
potential  between  this  point  and  conductors  A ,  B  and  C  will  be 
E+ 1  VlT.  An  electrostatic  polyphase  field  will  rotate  about 
point  4  and  M.  Hochstadter  *  has  shown  by  diagrams  that, 
assuming  the  surface  resistance  to  be  high,  the  difference  in 
potential  between  the  points  1,  2  and  3  is  0.87  E+ . 

•  "Three-Core   Cables"  by  M.  H6chstadter,  Electrotechnische  Zeit- 
schrift,  Heft  47,  1915.  Abstract  in  the  London  Electrician,  1916,  p.  209. 
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The  actual  three-phase  loss  will,  therefore,  be  higher  than  the 
calculated  loss  in  Table  IV  (depending  upon  the  value  of  surface 
resistance),  since  the  stress  between  2-1  and  3-1  will  be  about 
twice  as  great. 

These  tangential  stresses,  occurring  as  they  do  in  the  hottest 
part  of  the  cross  section  are  a  weak  point  in  three-conductor 
cable  design  and  will  probably  be  the  limiting  feature  of  the 
maximum  voltage  rating  that  will  be  reached  in  the  future. 

At  present  25,000-volt,  grounded  F,  is  about  the  highest 
rating  here  in  America,-  where  conduit  transmission  is  used. 
In  Germany  a  30,000-volt  system  has  been  installed  *,  and  one 
in  England,  rated  at  33,000  volts,  f  These  two  systems,  however, 
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Fig.  14 — Total  Effective  Resistivity  per  Foot  Cable  3  (Paper) 


make  use  of  buried  cable  and  operate  at  relatively  low  tem- 
peratures. 

That  the  present  maximum  voltage  rating  for  three-conductor 
paper-insulated  cable  in  conduits  is  reliable  under  reasonable 
conditions  is  shown  by  the  experience  of  one  of  the  operating 
companies.  They  have  lines  rated  at  24,000  volts,  grounded  Y, 
that  have  been  in  service  continuously  for  five  years  and  no 
more  trouble  has  been  experienced  with  these  than  with  lower 
voltage  lines  in  the  same  system. 

*  4 '30,000- Volt,  Three-Phase  Cable  System,  Berlin"  by  W.  Pfaunkuch, 
E.  T.  Z.f  Vol.  33,  1912. 

t  "Recent  Practise  in  the  Manufacture,  Laying  and  Jointing  of  33,000- 
Volt,  Three-Phase,  Underground  Cable"  by  C.  Beaver,  London  Electri- 
cian,  June  23,  1916. 
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A  sample  length,  cut  from  one  of  their  lines  was  obtained  and 
the  tests  on  this  are  discussed  under  the  following  heading 

Cable  No.  4. 

Length  of  sample,  22  ft.  (6.7  m.) 
1/0  three-conductor. 

9/32-in.  (7.1  mm.)  paper  on  each  conductor. 

7/32-in.  (5.5  mm.)  paper  over-all.  • 

Filled  with  mineral  hydrocarbon  base  compound. 

1/8-in.  (3.1  mm.)  lead  sheath. 

In  service  approximately  five  years  at  24,000  volts. 

When  preparing  this  length  for  test  we  found  that  only  one 
end  was  sealed  up.  It  had  evidently  been  cut  from  a  longer 
length  which  was  properly  sealed  when  taken  from  the  line  and, 
#through  an  oversight,  sealing  of  the  sample  omitted.  The  reel 
on  which  this  sample  was  wound  had  lain  out  doors  in  the  rain 
and  snow  for  four  weeks  after  receiving  and  it  was  feared  that 
moisture  absorption  had  spoiled  it. 

Energy  loss  measurements  showed,  however,  that  although 
this  sample  had  absorbed  a  slight  amount  of  moisture  it  did  not 
affect  the  insulation  characteristics  to  a  great  extent. 

The  whole  length  was  first  tested  at  24  deg.  cent,  and  then 
cut  in  halves.  The  sum  of  the  loss  in  the  two  halves  checked  the 
total,  but  the  half  towards  unsealed  end  had  6  per  cent 
greater  loss  than  the  other,  thus  indicating  that  it  had  absorbed 
the  most  moisture.  Even  this  amount  must  have  been  extremely 
small  for  the  power  factors  were  quite  low. 

The  single-phase  energy-loss  data  of  the  half  towards  the  sealed 
end  are  given  in  Table  V.  Fig.  15  shows  the  variation  of  watts 
and  power  factor  with  temperature.  At  25  deg.  cent,  the  25-kv. 
power  factor  is  2:3  per  cent  and  at  100  deg.  cent,  it  is  26.3  per 
cent.  The  corresponding  power  factors  for  new  cable  of  the 
same  kind  are  1.9  per  cent  and  16.7  per  cent.  (Fig.  12).  Allowing 
for  possible  variation  in  different  batches,  and  any  slight  amount 
of  moisture  that  may  have  been  absorbed  during  exposure,  this  is 
a  good  agreement,  and  together  with  the  operating  experience, 
shows  that  this  type  of  cable  had  not  deteriorated  to  an  appre- 
ciable extent,  if  at  all.  After  the  tests  were- completed  Cable 
No.  4  was  cut  open  and  closely  examined.  It  was  found  to  be  in 
good  condition. 

The  resistivity  r*  curves  are  given  in  Fig.  16.  Internal  ioniza- 
tion begins  at  about  20  kv.  in  the  24  deg.  cent,  curve,  and  there 
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is  also  a  slight  break  in  the  51  deg.  cent,  curve.  The  correspond- 
ing low  temperature  (28  deg.  cent.)  curve  of  Cable  No.  3  (Fig.  14) 
shows  ionization  starting  at  the  same  voltage,  but  at  48  deg. 

TABLE  V.    (CABLE  NO.  4)  IN  SERVICE  5  YEARS.  * 


Specifications  same  as  for  Cable  No.  3  with  exception  that  conductors  were  1/0. 
Frequency  60  cycles. 


T 

E 

It 

P.P. 

rm 

C* 

deg.  cent. 

10» 

Wt 

io-« 

per  cent. 

10» 

io-» 

24 

10.08 

0.0238 

0.1420 

1.66 

0.427 

0.0374 

12.92 

0.0386 

0.1786 

1.678 

0.430 

0.0366 

15.80 

0.0584 

0.2170 

1.705 

0.428 

0.0363 

18.10 

0.0771 

0.2480 

1.720 

0.425 

0.0362 

23.10 

0.1450 

0.3140 

1.999 

0.368 

0.0361 

25.00 

0.1850 

0.339 

2.200 

0.338 

0.0360 

30.00 

0.3230 

0.4040 

2.670 

0.279 

0.0357 

51 

10.08 

0.1103 

0.1462 

7.51 

0.0919 

0.0385 

12.92 

0.1820 

0.1859 

7.57 

0.0916 

0.0380 

15.80 

0.2700 

0.2270 

7.46 

0.0914 

0.0379 

18.10 

0.3600 

0.2615 

7.63 

0.0911 

0.0379 

23.10 

0.5940 

0.3300 

7.76 

0.0900 

0.0378 

25.00 

0.728 

0.3560 

8.15 

0.0860 

0.0377 

30.00 

1.129 

0.4280 

8.77 

0.0799 

0.0377 

74 

10.08 

0.202 

0.1512 

13.26 

0.0503 

0.0396 

12.92 

0.334 

0.1930 

13.39 

0.0502 

0.0393 

15.80 

0.496 

0.2340 

13.45 

0.0501 

0.0390 

18.10 

0.655 

0.2640 

13.62 

0.0500 

0.0384 

23.10 

1.063 

0.3370 

13.70 

0.0499 

0.0384 

25.00 

1.287 

0.3670 

14.20 

0.0487 

0.0384 

30.00 

1.970 

0.4370 

16.00 

0.0466 

0.0384 

77 

10.08 

0.219 

0.1512 

14.37 

0.0472 

0.0394 

12.92 

0.356 

0.1930 

14.26 

0.0469 

0.0392 

15.80 

0.528 

0.2350 

14.31 

0.0468 

0.0390 

18.10 

0.704 

0.2670 

14.55 

0.0466 

0.0388 

23.10 

1.143 

0.3380 

14.69 

0.0465 

0.0384 

25.00 

1.400 

0.3680 

15.18 

0.0446 

0.0385 

30.00 

2.110 

0.4400 

15.92 

0.0426 

0.0385 

101 

10.08 

0.463 

0.162 

28.4 

0.0220 

0.0408 

12.92 

0.740 

0.204 

28.1 

0.0225 

0.0404 

15.80 

1.079 

0.248 

27.5 

0.0231 

0.0401 

18.10 

1.400 

0.283 

27.3 

0.02034 

0.0398 

23.10 

2.215 

0.360 

26.7 

0.0241 

0.0395 

25.00 

2.635 

0.392 

27.0 

0.0238 

0.0402 

30.00 

3.920 

0.477 

27.4 

0.0229 

0.0406 

cent,  there  is  none  at  all.  Ionization  is  not  very  pronounced  in 
either  sample. 

Trouble  Experienced  in  Operation 
The  most  interesting  case  encountered  was  the  trouble  ex- 
perienced by  another  one  of  the  operating  companies. 
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Several  years  ago  it  installed  a  considerable  length  of  new 
cable  in  its  13,800-volt,  F-connected,  grounded-neutral  system. 
It  had  the  following  specifications: 

4/0  three-conductor. 

7/32-in.  (5.5  mm.)  paper  on  each  conductor. 
7/32-in.  (5.5  mm.)  paper  over  all. 
Filled  with  vegetable  hydrocarbon  base  compound. 
1/8-in.  (3.1  mm.)  lead  sheath. 


o  o* — i — i — i — i — ■ — i — " — i — 1 

20        40         60         80  100 
TEMPERATURE  DEG.  C. 

Fig.  15 — Watts  per  Foot  and  Power  Factor  Cable  4  (Paper) 
at  25  Kv. — In  Service  Five  Years  at  24  Kv. 

The  failures  encountered  in  this  lot  of  cable  gradually  increased 
with  time  and  finally  reached  such  serious  proportions  that  a 
special  investigation  was  made  to  determine  the  trouble. 

By  referring  to  the  records  it  was  found  that  the  cables  had 
never  been  heavily  overloaded  and  there  were  no  indications  of 
unusual  high-frequency  disturbances. 

Most  of  the  trouble  was  experienced  at  points  known  to  be 
heated  above  the  average  duct  temperature  from  external 
sources. 

The  cables  were  in  a  number  of  cases  quite  warm  even  when 
lightly  loaded,  indicating  that  the  dielectric  energy  loss  must 
have  been  so  high  that  it  was  comparable  with  copper  losses. 
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In  one  instance,  after  a  cable  had  failed  at  a  known  "hot  spot"  - 
in  the  system,  sections  of  the  remaining  cables  at  this  point  were 
removed  from  the  ducts,  cut  open  and  examined. 

Referring  to  Fig.  13,  the  triangle  of  jute  filler  and  the  surfaces 
of  the  paper  wrappings  between  the  points  1,  2  and  3  were  badly 
scorched.  There  were  spots  in  some  of  the  sections  where  the 
paper  wrappings  were  charred  almost  down  to  the  copper.  The 
wrappings  next  to  the  lead  sheath  and  those  next  to  the  copper 
(except  at  the  spots  where  charring  was  very  bad)  showed  no 
signs  of  deterioration  and  this  would  indicate  that  the  charring 
mentioned  was  not  caused  directly  by  burning  from  overloads 
or  from  exterior  sources  of  heat. 
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Fig.  16 — Total  Effective  Resistivity  per  Foot  Cable  4  (Paper) 


Mr.  Hochstadter  described  this  same  characteristic  charring 
in  the  article  previously  referred  to. 

By  arrangement,  whenever  failure  occurred  a  sample  12  ft. 
(3.6  m.)  in  length  was  cut  from  the  line  near  the  point  of  failure, 
sealed  up  and  sent  to  the  laboratory.  Twelve  samples  were 
collected  in  this  way  and  in  addition  a  new  one  of  the  same  kind 
was  cut  from  a  reel  in  the  store  room. 

Cable  No.  5a.  The  energy  loss  data  on  the  new  sample  referred 
to  above  are  given  in  Table  VI.  As  there  were  so  many  samples 
to  be  tested  readings  were  taken  at  only  two  temperatures, 
21  deg.  and  100  deg.  cent. 

The  power  factor  and  loss  curves  are  given  in  Fig.  17.  The 
13,800- volt  power-factor  is  1.5  per  cent  at  21  deg.  cent,  and  in- 
creases to  54  per  cent  at  100  deg.  cent.,  showing  that  this  lot  of 
cable  had  poor  temperature  characteristics  even  when  new. 
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TABLE  VI. 

4/0  three-conductor 

7/32  in.  paper  on  each  conductor 

7/32  in.  paper  over-all 

Pilled  with  vegetable  hydrocarbon  base  compound 
1/8  in.  lead  sheath 
Frequency  60  cycles 


r 

E 

/• 

P.P. 

r* 

deg.  cent. 

10» 

Wt 

10"* 

per  cent. 

10" 

io-* 

CABLE  NO.  5-A  NEVER  IN  SERVICE 

21 

4.05 

0.00542 

0.0860 

1.552 

0.3025 

0.0554 

6.06 

0.01187 

0.1280 

1.529 

0.3100 

0.0560 

8.89 

0.02530 

0.1894 

1.500 

0.3120 

0.0566 

11.95 

0.04510 

0.2550 

1.480 

0.3150 

0.0567 

14.80 

0.07145 

0.3168 

1.522 

0.3070 

0.0568 

17.88 

0.1300 

0.3836 

1.896 

0.2460 

0.0569 

100 

4.05 

0.2888 

0.1365 

52.27 

0.00567 

0.0763 

6.06 

0.6000 

0.2020 

49.00 

0.00614 

0.0768 

8.89 

1.350 

0.2990 

50.85 

0.00585 

0.0769 

11.95 

2.555 

0.4070 

52.50 

0  00560 

0.0770 

14.80 

4.220 

0.5170 

55.16 

0.00519 

0.0773 

17.88  _ 

6.763 

0.6500 

58.22 

0.00476 

0.0784 

CABLE  NO.  5-B     IN  SERVICE  5  YEARS 

22 

4.05 

0.00864 

0.0803 

2.655 

0.1900 

0.0524 

6.06 

0.01875 

0.1210 

2.550 

0. 1960 

0.0527 

8.89 

0.0416 

0.1787 

2.620 

0.1900 

0.0533 

11.95 

0.0899 

0.2432 

3.095 

0.1592 

0.0539 

14.80 

0.1790 

0.3060 

3.955 

0.1222 

0.0549 

17.88 

0.3322 

0  3750 

4  955 

0.0963 

0.0558 

100 

4.05 

0.947 

0.2850 

82.10 

0.001730 

0.1064 

6.06 

2.185 

0.4400 

81.95 

0.001684 

0.1100 

8.89 

4.963  ' 

0.6760 

82.00 

0.001592 

0.1157 

11.95 

9.55 

0.9725 

82.15 

0.001498 

0.1230 

14.80 

17.23 

1.3700 

84.56 

0.001272 

0.1282 

17.88 

30.62 

1.9580 

87.50 

0.001043 

0.1402 

CABLE  NO.  5-C     IN  SERVICE  5  YEARS 

29 

4.05 

0.03925 

0.10865 

8.90 

0.0418 

0.0718 

6.06 

0.0870 

0.1650 

8.68 

0.0422 

0.0720 

8.94 

0.1881 

0.2412 

8.74 

0.0423 

0.0717 

12.07 

0.3673 

0.3256 

9.35 

0.0396 

0.0714 

14.93 

0.6025 

0.4025 

10.02 

0.0367 

0.0711 

18.01 

1.0050 

0.4935 

11.30 

0.0321 

0.0710 

111 

4.05 

0.9000 

0.2900 

76.70 

0.001825 

0.1219 

6.06 

1.9940 

0.4338 

74.50 

0.001848 

0.1223 

8.94 

4.3170 

0.6613 

73.10 

0.001845 

0.1314 

12.07 

8.5700 

0.9350 

76.00 

0.001699 

0.1338 

14.93 

14.9100 

1.2870 

77.70 

0.001492 

0.1432 
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TABLE  VI.  iContinutd 

4/0  three-conductor 

7/32  in.  paper  on  each  conduct6r 

7/32  in.  paper  over-all 

Pilled  with  vegetable  hydrocarbon  base  compound 
1/8  in.  lead  sheath 
Frequency  60  cycles  


T 

E 

It 

P.P. 

r* 

deg.  cent. 

10* 

Wt 

10-* 

per  cent. 

10>« 

io-* 

CABLE  NO.  5-B 

IN  SBRV] 

CB  5  YEARS 

20 

4.05 

0.00705 

0 

0950 

1.830 

0 

2309 

0.0622 

6.06 

0.01532 

0 

1440 

1.755 

0 

2421 

0.0627 

8.89 

0.0322 

0 

2112 

1.715 

0 

2450 

0.0634 

11.95 

0.0625 

0 

2855 

1.832 

0 

2290 

0.0640 

14.80 

0.1098 

0 

3550 

2.090 

0 

1995 

0.0639 

17.88 

0.2110 

0 

4300 

2.747 

0 

1517 

0.0638 

100 

4.05 

0.3546 

0 

150 

58.30 

0 

00462 

0.0797 

6.06 

0.747 

0 

225 

54.80 

0 

00493 

0.0844 

8.89 

1.516 

0 

333 

51.25 

0 

00521 

0.0854 

11.95 

2.842 

0 

450 

52.80 

0 

00503 

0.0849 

14.80 

4.450 

0 

559 

53.75 

0 

00493 

0.0842  • 

17.88 

6.840 

0 

677 

56.50 

0 

00468 

0.0816 
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This  is  an  important  point  and  it  is  safe  to  say  that  any  new 
cable  with  such  a  high  power-factor  at  100  deg.  cent,  will  in  time 
cause  trouble  at  "hot  spots." 

Cable  No.  5b.  The  measurements  on  this  sample,  one  of  those 
cut  from  a  line  near  point  of  failure,  are  also  given  in  Table  VI. 
The  13,800-volt  power-factor  in  Fig.  18  is  3.7  per  cent  at  22  deg. 
cent,  and  increased  to  85  per  cent  at  100  deg.  cent.  It  was 
thought  that  this  sample  must  have  been  partly  broken  down  and 
charred  to  give  such  an  extremely  high  power  factor  at  100  deg. 


0  4  8  12         16  20 

KILOVOLTS-Ex  103 

Fig.  18 — Watts  per  Foot  and  Power  Factor  Cable  5b  (Paper)— 
In  Service  Five  Years 

cent.,  although  the  22  deg.  cent,  power-factor  is  within  reason- 
able limits.  But,  when  it  was  cut  open  no  burning  or  scorching 
of  any  kind  was  found.  It  was  well  filled  with  compound  and 
the  surface  of  the  paper  between  the  points,  1,  2  and  3  (Fig.  13) 
showed  evidence  of  trouble  just  beginning.  The  compound  had 
coagulated  here,  a  characteristic  sign  of  distress.  One  other 
sample  checked  the  above  one  closely  in  every  detail. 

Cable  No.  be.  The  data  and  curves  in  Table  VI  and  Fig.  19 
show  this  sample  to  be  either  saturated  with  moisture  or  partly 


476 


CLARK  AND  SHAN  KLIN: 


[June  27 


broken  down.  The  13,800-volt  power  factor  at  29  deg.  cent,  is 
10  per  cent.  No  insulation  gives  power  factors  this  high  at  low 
temperature  unless  conducting  impurities  are  present.  The 
111  deg.  cent,  power-factor  is  77  per  cent,  not  quite  as  high  as 
that  in  Cable  No.  56. 

When  cut  open  three  spots,  each  about  one  foot  in  length  were 
found  where  the  characteristic  charring  of  the  central  section 
had  eaten  almost  down  to  the  conductors.    In  the  rest  of  the 


KILOVOLTS-ExlO3 

Fig.  19 — Watts  per  Foot  and  Power  Factor  Cable  5c  (Paper) — 
In  Service  Five  Years 

length  this  section  was  either  scorched  or  the  compound  had 
coagulated  as  previously  described. 

Cable  No.  5d.  The  energy  loss  readings  on  this  length  checked 
those  on  cable  No.  be  very  closely  and  are  therefore  not  given 
in  the  table.  They  indicated  that  the  sample  was  partly  broken 
down,  so  an  endurance  run  at  15  kv.  and  100  deg.  cent,  was  made 
to  get  some  idea  in  regard  to  how  a  cable  actually  fails  in  opera- 
tion. A  log  of  this  run  is  given  in  Fig.  20.  It  is  interesting  to 
note  that  it  required  two  hours  and  40  minutes  to  reach  com- 
plete breakdown. 
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Examination  showed  the  same  characteristic  charring  at  four 
places.  One  of  these  had  charred  completely  through  to  the 
conductors,  (the  point  where  break  down  occurred.)  It  is  prob- 
able that  the  endurance  run  had  little  to  do  with  the  damage 
at  the  other  spots.  It  requires  a  number  of  days  to  cause  such 
complete  carbonization  in  an  air  tight  cross  section,  as  we  have 
often  observed  in  aging  tests  at  200  deg.  cent,  on  different  kinds 
of  materials. 

Cable  No.  5e.  The  energy-loss  data  are  given  in  Table  VI. 
The  13,800-volt  power  factor  is  2  per  cent  at  20  deg.  cent,  and 
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Fig.  20 — Endurance  Run,  Cable  5d  (Paper) — In  Service  Five 

Years 


53  per  cent  at  100  deg.  cent,  thus  comparing  with  the  new 
sample,  (No.  5a).  This  sample  (5e)  had  the  lowest  power  factor 
and  losses  of  any  of  the  old  samples  tested. 

When  cut  open  it  was  found  that  the  greater  part  of  the  length 
was  comparatively  "dry,"  that  is,  only  partly  filled  with  com- 
pound. No  signs  of  deterioration  were  in  evidence. 

Several  of  the  samples  were  in  this  "dry"  condition  and  in 
none  of  these  were  there  signs  of  deterioration,  in  addition  the 
power  factor  was  always  lower  than  in  the  well  filled  samples. 
This  indicates  better  than  anything  else,  .that  the  compound 
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filler  was  at  fault,  and  that  no  moisture  was  present,  for  moisture 
would  naturally  accumulate  in  the  "dry"  sections. 

Resistivity  Curves. — The  low  temperature  resistivity  curves 
r"  are  shown  in  Fig.  21.  The -voltage  was  not  carried  up  to 
complete  saturation  in  any  case.  It  was  necessary  to  avoid 
over-stressing  and  thereby  be  sure  that  the  samples,  when 
examined  after  test  were  in  the  same  condition  as  when  cut  from 
the  line.  Ionization  started  at  9  kv.  in  all  the  samples  except 
the  new  one  (5a). 


032 


0.28 


0.04 


Variation  of  Capacity  with 
Temperature.  A  study  of  the 
capacity  C*  values  in  Table  VI 
shows  that  there  is  consider-  g 

o 

able  increase  at  high  tempera-  x  o.24 
tures  and  that  this  increase  g 
is  greater  the  higher  the  loss  £  0.20 
in  the  sample;  in  other  words,  £ 
the  lower  the  resistance  of  >  lg 
the  material  the  higher  the  | 
capacity.    At  zero  resistance  * 
the  capacity  would  be  infinity,  g  0 12 

Tests   on    the   Compound,  & 
Compound  was  pressed  from  <  0.08 
one  of  the  lengths  that  had  £ 
been  in  service,  and  a  short 
section  of  the  new  length  (5a) . 
Neither  length  had  been  given 
an  electrical  test  and  they 
remained  sealed  until  ready 
for  the  extraction  of  com- 
pound. 

Vacuum  treatment  gave  no 
evidence  of  an  appreciable  amount  of  moisture  in  the  compound. 
A  chemical  analysis  showed  the  presence  of  free  organic  acid 
and  this  was  more  marked  in  the  compound  which  had  seen 
service. 

The  d-c.  resistivity  at  different  temperatures,  taken  between 
5  cm.  terminals  as  described  in  the  first  part  of  the  paper,  is 
given  in  Fig.  22.  The  resistance  of  both  is  very  low  and  that  of 
the  old  sample  shows  considerable  deterioration,  which  must  be 
due  to  chemical  change  under  the  conditions  of  voltage  stress 
and  temperature  met  with  in  operation. 
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Fig.  21 — Total  Effective  Re- 
sistivity per  Foot  Cables  5a,  5b, 
5c,  5e  (Paper)' 
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Varnished  Cambric  and  Rubber  Insulated  Cable 

Numerous  tests  have  been  made  on  different  kinds  of  varnished 
cambric  and  rubber  insulated  cable  as  well  as  paper  insulated 
cable  other  than  those  already  discussed. 

Space  will  allow  the  characteristics  of  varnished  cambric  and 
rubber  insulation  to  be  dealt  with  but  briefly.  Later  we  hope 
to  present  results  showing  the  value  of  energy-loss  measurements 
in  determining  different  grades  of  rubber. 

Representative  samples  of  2/0  single-conductor  cable  having 
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Fig.  22 — Log  D-C.  Resistivity  of  Two  Cable  Compounds  from 
Cables  in  Group  5.  A — From  New  Cable  Never  in  Service.  B — 
From  Old  Cable  in  Service  5  Years 

varnished  cambric  and  rubber  insulation  have  been  selected  for 
comparison  with  paper  cable  as  follows: 

Cable  No.  6.    9/32-in.  (7.1  mm.)  black  varnished  cambric. 
Cable  No.  7.    9/32-in.  (7.1  mm.)  33  per  cent  pure  grade  para 
rubber. 

Cable  No.  8.  9/32-in.  (7.1  mm.)  30  per  cent  good  commercial 
grade  rubber  compound. 

The  permittivity  and  resistivity  values  of  these  samples  are 
included  in  Figs.  24  to  27  which  will  be  discussed  under  the 
following  headings. 


f 
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Relative  Permittivity  and  Grading 
It  would  perhaps  be  well  to  combine  the  three  standard  types 
of  cable  insulation  in  one  group  and  study  their  relative  charac- 
teristics more  closely. 

Variation  of  Permittivity  with  Voltage  Stress.  The  voltage 
gradient  curve  for  the  cross  section  of  single-conductor  cable 
considered  is  given  in  Fig.  23  at  a  total  impressed  voltage,  E  = 
10  kv. 

b  
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Fig.  23 — Voltage  Gradient  at  10  Kv.  for  2/0  Single-Conductor 
Cable — 9/32  in.  Thickness  of  Insulation 


g  =  -y-  =  voltage  gradient 
ax 

gmax.  —  maximum  gradient  (a,  next  to  conductor) 
gav    =  average  gradient. 

The  relative  permittivity  values,  Kav,  in  Tables  II  and  III 
show  that  Kw  varies  slightly  with  voltage  E.  It  is  evident, 
then,  that  K  varies  with  g  through  the  thickness  of  insulation, 
and  Kav  represents  the  value  of  K  at  a  point  approximately 
coinciding  with  gav- 

In  Fig.  24  the  50  deg.  cent,  values  of  Kav  for  the  different 
materials  are  plotted  against  gav  instead  of  E.  The  section  of 
the  curves  between  the  perpendicular  lines  shows  the  variation 
of  K  with  g  through  the  thickness.    The  largest  variation  occurs 
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in  Cable  No.  8  (rubber)  and  is  only  1.6  per  cent.  The  variation 
in  Cable  No.  6  (varnished  cambric)  is  0.7  per  cent.  The  actual 
value  of  gmax  will  therefore  be  slightly  less  than  the  theoretical 
value  given  in  Fig.  23;  in  other  words,  the  insulation  tends  to 
grade  itself  automatically,  but  only  to  a  slight  extent. 

The  above  grading  of  K  considers  a  uniform  temperature. 
In  operation,  the  distribution  of  temperature  will  cause  still 
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Fig.  24 — Relative.  Permittivity  op   Different   Materials  at 
50  Dec  Cent,  and  10  Kv. 


further  grading,  since  K  increases  with  temperature  in  most 
materials. 

Variation  with  Temperature.  Fig.  25  shows  the  change  in  K av 
with  temperature  for  the  different  materials  at  E  =  10  kv.  The 
slope  of  the  varnished  cambric  curve  (Cable  No.  6)  is  very 
noticeable.  The  K  of  good  paper  insulation  (Cable  No.  2)  does 
not  increase  much  with  temperature  but  that  of  medium  paper 
(Cable  No.  1)  increases  appreciably  above  75  deg.  cent.  An  idea 
of  the  rapid  increase  of  K  with  temperature  in  poor  paper  insu- 
lation can  be  obtained  from  the  capacity  (f  values  in  Table  VI. 
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Assume  that  the  conductor  is  at  a  temperature  of  50  deg.  cent, 
and  the  lead  sheath  40  deg.  cent.  Referring  to  Fig.  25,  the  lar- 
gest variation  of  K,  4  per  cent,  occurs  in  varnished  cambric 
(Cable  No.  6). 

Combining  the  automatic  grading  due  to  voltage  stress  and 
that  due  to  temperature  the  total  effect  in  Cable  No.  6  will 
cause  approximately  a  3  per  cent  decrease  in  gwo*.  In  other 
words,  automatic  grading  is  hardly  appreciable  and  the  theo- 
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Fig.  26 — Relative  Permittivity  of  Different  Materials  at  10  Kv. 


retical  gradients  in  Fig.  23  are  approximately  correct.  The  3 
per  cent  decrease  in  gmas  discussed  above  is  probably  entirely 
neutralized  by  the  distortion  at  the  surface  of  stranded  conductors 
tending  to  raise  gmaz  slightly  above  the  theoretical  value. 

Effective  Resistivity 
Variation  with  Temperature.    The  10-kv.  curves  of  effective 
specific  resistivity  versus  temperature  for  the  different  cable 
samples  are  given  in  Fig.  26. 
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A  comparison  of  the  slope  of  these  curves  shows  that  paper 
insulation  has  the  poorest  temperature  characteristics  and  must 
be  of  the  highest  grade  to  bring  the  100  deg.  cent,  resistivity 
well  up  in  value  (Cable  No.  2).  The  resistivity  of  Cable  No.  1, 
a  medium  sample,  drops  very  rapidly  with  temperature  and  it 
can  be  imagined  how  rapidly  the  resistivity  of  a  very  poor  cable, 
such  as  No.  5b,  will  drop.  It  is  this  effect  at  "hot  spots"  that  is 
of  such  great  importance  in  cable  work. 

Varnished  cambric  follows  after  paper  and  it  is  evident  that 
the  resistivity  characteristics  are  not  particularly  good.  Var- 
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Fig.  26 — Log  of  Specific  Resistivity  (Effective)  at  10  Kv. 


nished  cambric  has  this  advantage,  though;  it  is  very  stable  and 
uniform.  Its  good  mechanical  qualities  are  another  point  in  its 
favor. 

Rubber  has  the  best  temperature  characteristics.  It  is  to  be 
regretted  that  these  cannot  be  better  utilized,  but  the  physical 
changes  that  take  place  in  rubber  prohibit  its  use  at  high  tem- 
peratures. 

Variation  with  Voltage  Stress.  The  variation  of  p  through  the 
thickness  should  be  dealt  with  in  the  same  way  as  the  variation 
of  K. 

In  Fig.  27  the  50  deg.  cent,  values  of  pav  for  the  different 
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samples  are  plotted  against  gav  instead  of  E.  The  section  of  the 
curves  between  the  perpendicular  lines  shows  the  variation  of  p 
with  g  through  the  thickness.  The  greatest  variation,  26  per 
cent,  occurs  in  Cable  No.  8,  and  the  least,  8  per  cent,  in  Cable 
No.  6. 

Referring  again  to  Fig.  26  and  assuming  temperatures  of  50 
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Fig.  27 — Specific  Resistivity  (Effective)  at  50  Deg.  Cent,  and 

10  Kv. 


to  40  deg.  cent,  for  the  conductor  and  lead  sheath  respectively, 
the  greatest  variation  of  p  through  the  thickness,  50  per  cent 
occurs  in  Cable  No.  1,  and  the  least,  5  per  cent  in  Cable  No.  7. 

When  the  above  two  effects  are  combined  it  is  evident  that 
the  value  of  f  is  much  less,  and  consequently  the  watts  per  cm.8 
next  to  the  conductor  is  much  more,  than  the  values  further  out 
in  the  thickness. 
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Internal  Ionization 

As  mentioned  in  the  first  part  of  the  paper,  coils  have  been 
overstressed  for  long  periods  of  time  and  the  effects  of  internal 
and  external  ionization  noted.  Examination,  after  a  continu- 
ous run  of  a  year  or  more  at  two  times  normal  operating  voltage, 
shows  deposits  on  the  walls  of  the  gas  spaces;  but  it  is  surprising 
how  little  actual  damage  is  done.  The  materials  used,  however, 
were  known  to  be  quite  stable  chemically. 

Overstressing  to  a  point  where  internal  ionization  begins  is, 
of  course,  to  be  avoided  in  practise;  it  is  obvious  however,  that 
materials  should  be  used  that  are  chemically  the  least  affected 
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Fig.  28 — Internal  Ionization  in  a  High-Voltage  Armature  Coil 

by  it,  for  ionization  may  sometimes  be  met  with;  for  instance, 
-  when  high-potential  test  is  applied  to  lengths  of  cable  in  low- 
temperature  conduits. 

Fleming  and  Johnson*  have  dealt  to  some  length  with  the 
effects  of  internal  ionization  in  overstressed  coils  insulated  with 
chemically  unstable  materials.  They  found  these  effects  very 
harmful  in  some  cases. 

The  resistivity  curves  of  an  armature  coil  whose  thickness  of 
main  insulation,  (0.22-in.  or  5. 6  mm.)  was  known  to  contain  small 

•Chemical  Action  in  the  Windings  of  High- Vol tgage  Machines",  by 
Fleming  and  Johnson,  Journal  1. 1?.  E.,  Vol.  47,  p.  530, 
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gas  spaces  are  given  in  Fig.  28.  The  ionization  at  22  deg.  cent- 
starts  at  12  kv.  and  is  quite  pronounced. 

Ionization  in  Unfilled  Cables.  Special  lengths  of  cable  (Nos 
9a  and  9b)  were  made  up  for  the  purpuse  of  studying  internal 
ionization. 

The  specifications  are  as  follows: 

2/0  single  conductor 

9/32  in.  (7.1  mm.)  varnished  paper  tape. 

3/32  in.  (4.7  mm.)  lead  sheath. 
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Fig.  29— Per  Cent  Power  Factor  Cables  9a  and  9b  (Varnished 
Paper)  at  10  Kv. 

The  tape  in  No.  9a  was  first  run  through  compound  and  then 
applied  half  lap.  Compound  was  copiously  used  and  a  thor- 
oughly filled  insulation  resulted.  The  tapings  in  No.  9b  were 
applied  dry  without  filling  of  any  kind,  thus  leaving  small  air 
spaces  between  layers  at  the  overlapping  edges  of  the  tape. 

Three  samples  of  Cable  No.  9a  were  tested  and  checked  exactly. 
None  of  the  four  No.  9b  samples  checked  and  one  broke  down 
at  24  kv.  while  taking  readings.  The  No.  9b  curves  given  are 
for  the  average  sample. 
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Fig.  29  shows  the  10-kv.  power  factor  heat  cycles.  That  of 
No.  9a  is  very  stable  but  there  is  a  big  difference  between  the 
heating  and  cooling  curves  of  No.  9b.    The  permittivity  cycles 
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Fig.  30 — Relative  Permittivity  Cables  9a  and  9b  (Varnished 
Paper)  at  10  Kv. 


in  Fig.  30  show  much  the  same  characteristics.  Some  very 
appreciable  change  must  have  taken  place  in  No.  gb^during  the 
cycle. 
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Fig.  31 — Specific  Resistivity  (Effective)  Cable  9a  (Varnished 
Paper,  Filled) 


The  resistivity  curves  of  No.  9a  are  given  in  Fig.  31.  The 
inherent  resistance  decreases  noticeably.  There  are  only 
traces  of  ionization  in  the  35  deg.  cent,  curves. 
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with  voltage  stress  as  the  low  permittivity  air  spaces  are  grad- 
ually ionized,  in  other  words,  eliminated  from  the  effective  per- 
mittivity. In  the  30  deg.  cent,  cooling  curve  the  air  spaces 
have  been  short-circuited  by  perforation  at  125  deg.  cent,  and 
consequently  the  curve  does  not  depend  upon  voltage  stress  but 
is  almost  flat,  meeting  the  34  deg.  cent,  heating  curve  at  27  kv. 

It  would  be  interesting  to  determine  at  various  pressures  and 
spacings  the  stress  necessary  to  ionize  the  gases  filling  spaces  in 
different  kinds  of  insulation,  and  see  if  it  is  not  possible  to  pre- 
determine by  calculation  the  starting  point  of  internal  ionization. 
This  would  furnish  very  useful  information  to  designing  engi- 
neers regarding  the  proper  voltage  rating  of  their  apparatus. 
The  investigation  is  still  in  its  first  stage,  however,  and  event- 
ually it  is  hoped  to  reach  this  point. 
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preciation  and  thanks  to  Dr.  C.  P.  Steinmetz  and  J.  L.  R. 
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APPENDIX  A 

Showing  Method  Used  in  Calculating  Single,  Conductor 

Cable  Data 

The  following  nomenclature  and  formulas  are  used  throughout 
the  paper: 

Let  E  =  impressed  voltage 

J  =  total  amperes  per  foot  length  of  cable 
W  =  watts  loss  (dielectric)  per  foot  length  of  cable 
cos  0  =  dielectric  power  factor 
C  =  capacity  in  farads  per  foot. 
Kav.  =  relative  permittivity  (average  through  thickness) 
Km  =  capacity  per  cm8,  of  air  =  0.08842  X  10~12  farads 
R  =  total  effective  a-c.  insulation  resistance  per  foot. 
p„.  =  effective  resistance  per  cm8,  (average  through  thickness) 

g  =         =  voltage  gradient. 


gw%  =  average  voltage  gradient  through  thickness 
/  =  length  in  cm.  =  1  ft.  =  30.48  cm. 
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b  =  radius  in  cm.  inner  side  lead  sheath 
a  =     "     "    "   of  conductor. 

The  dielectric  circuit  is  considered  as  a  parallel  circuit,  that  is, 
the  resistance  and  capacity  are  considered  as  being  in  parallel. 

W 

cos  0  =  (1) 


For  a  single-conductor  cable  in  which  the  thickness  of  insula- 
tion consists  of  one  kind  only: 


1        .  1  dx 

—  as  — 


therefore: 


therefore: 


dc  K*Kav.'2wlx 

^          ka  kav  2  7T  / 

log  b/a 

1  sin  0  =  ka  kav.  2  t  I 

2  7rfE        log4  b/a 


K     _  I  sin  0  •  log,  b/a  (  . 

Aa"  "   (2  ir)HfEKa  W 


2  7T  /* 


therefore: 


_  2Tfg 

P"-  ~  Wlog.  6/o  W 


For  the  voltage  gradient : 
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therefore: 


E 


x\og,b/a 

A  =  area  of  gradient  curve  between  a  and  b 


(6) 


J  g    X      log,  b/a  J  x 


a  a 


threrfose:  Area,  A  =  E 


(6) 


E 
b-a 


(7) 


APPENDIX  B 

Showing  Method  Used  in  Calculating  Three-Conductor 

Cable  Data 
Referring  to  Fig.  11  it  is  assumed  that, 

r i  =  fa  =  fs,  f 4  =  f »  =  fe>        =  Ca  =  c3  and  c4  =  c6  =  c6 
For  Single-phase  Readings: 

Let  -E  =  variable  test  voltage 
Wi  =  loss  due  to  r  i  per  foot 
JTj  =  loss  due  to  rx  r4  and  re  per  foot 
Wi  =  loss  due  to  r 4  per  foot 

Ji  =  current  due  to  Y\ 

It  =  current  due  to  Yi  Y4  and  F6 

/a  =  current  due  to  Y4 

c"  =  2  c4  +  Ci  =  capacity  in  farads  per  foot. 

r*  =     fl  \* —  =  effective  resistance  in  ohms  per  foot. 
d  f\  +  r4 

By  applying  high  voltage  to  all  three  conductors  connected 
together  and  grounding  lead  sheath  through  the  instrument, 
readings  of  3  W\  and  3  I\  can  be  taken  at  voltages,  E,  and  curves 
plotted.  In  the  next  set  of  readings  high  voltage  is  applied  to 
conductor  A  and  conductors  B  and  C  are  connected  to  the  lead 
sheath.    These  readings  correspond  to  W2  and  I2. 


cos  0i  =  -=rj   =  power  factor  from  conductor  to  lead  sheath. 


Then 


|i  =  1 1  cos  0  —  j  (Ii  sin  0) 
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E*       -         Ii  sin  0i 

cos  0*  =  -gr-F  =  power  factor  due  to  Y\  Y4  and  F6 
fa  =     2     and  Wz  =   ^  

/s  =  1/2  v/  (7,  cos  0,  -  A  cos  0O2+  (72  sin  0,  -  Ix  sin  0,)2 

cos  0a  =  £T-=r  =  power  factor  between  conductors, 
is  ia 

E*       -        J8  sin  08 

f4  =  "FT  and  c*  =  27j£ 


Three-Phase  Calculations 

The  equivalent  dielectric  circuit  in  Fig.  11  gives  two  separate 
circuits,  one  A  (between  conductors),  and  the  other  Y  (between 
conductors  and  lead  sheath). 
E+  =  line  voltage  (variable). 

e+  =  -^==  «  voltage  to  lead  sheath. 

=  total  three-phase  loss  (dielectric)  per  foot 
1+  =  current  per  conductor  per  foot 
cos  0^  —  three-phase  power  factor 
WH  =  3  (WV  +  WV)  where; 
W%  =  Wz  read  from  curves  at  voltage  E+  and, 
W\  =  W\  read  from  curves  at  voltage  e+ 
1+  =  /,'  +  /,'  where; 

1%  =  Ii  V3~at  voltage  E*and, 
Ii  —  Zi  at  voltage  e+ 


also; 


V3E,7, 

n*S*???  =  capacity,  farads  per  conductor  per  foot. 
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Discussion  on  "Problems  of  Operation  and  Maintenance 
of  Underground  Cables"  (Harper).  "The  Funda- 
mentals of  Successful  High-Tension  Cable  Joints" 
(Roper).  "The  Influence  of  Dielectric  Losses  on 
the  Rating  of  High-Tension  Underground  Cables" 
(Bang  and  Louis)  and  "Insulation  Characteristics  of 
High- Voltage  Cables"  (Clark  and  Shanklin),  New 
York,  June  27,  1917. 

W.  I.  Middleton:  There  should  be  the  heartiest  cooperation 
between  the  cable  users  and  the  manufacturers.  A  great  deal 
of  unnecessary  trouble  could  be  avoided  if  the  manufacturer  had 
a  more  definite  knowledge  of  the  conditions  under  which  the 
cables  are  to  operate. 

The  failure  of  the  joints  due  to  the  compound  used  is  very 
interesting.  Many  compounds,  as  the  author  says,  are  good 
insulators  in  themselves,  but  are  not  good  when  in  combination 
with  other  compounds  equally  as  good. 

There  must  be  more  than  a  mechanical  mixture  otherwise  there 
is  liable  to  be  a  separating  out  of  the  different  ingredients  and 
stresses  are  set  up  within  the  joint  or  within  the  cable  itself  if  the 
dielectric  constants  of  the  cable  compounds  are  vastly  different 
from  the  insulating  material  itself. 

We  have  emphasized  for  a  number  of  years  the  necessity  of 
having  the  dielectric  constant  of  the  cable  compound  similar  to 
that  of  the  insulating  material  with  which  it  is  used. 

Mr.  Roper's  paper  has  covered  all  of  the  important  features 
of  cable  splicing,  but  I  am  convinced  that  the  personal  element 
enters  into  the  making  of  a  good  joint  probably  more  than  any 
other  one  thing.  Some  of  the  most  successful  cable  splicers  are 
making  what  might  be  called  a  very  unscientific  joint  without 
any  of  the  new  ideas  that  have  been  advocated  recently,  depend- 
ing almost  entirely  upon  the  quality  of  the  material  used  and  the 
quality  of  the  workmanship,  observing,  of  course,  all  of  the 
fundamentals  mentioned  by  Mr.  Roper.  Joints  of  this  kind  on 
25,000-volt  cables  are  being  made  by  two  men  in  from  four  to 
five  hours. 

Undoubtedly  the  cable  joint  of  the  future  will  be  a  mechanical 
joint,  eliminating  to  a  great  extent  the  personal  element  that  now 
enters  into  the  hand-wound  type.  There  is  no  joint  on  the 
market  today  that  can  compete  with  the  hand-wound,  hand- 
filled  joint  when  well  made.  As  Mr.  Roper  says,  some  of  the 
more  expensive  joints  may  be  considerably  stronger,  but  their 
high  cost  and  the  length  of  time  taken  to  make  them  is  a  draw- 
back to  their  being  universally  adopted. 

As  to  the  cheaper  methods  of  making  joints,  some  of  them 
are  open  to  severe  criticism  from  the  fact  that  they  have  given 
trouble  and  some  have  not  been  tried  out  sufficiently  long  to  have 
gained  the  confidence  of  the  splicers. 

There  is  one  other  feature  which  has  not  been  taken  into 
consideration  in  regard  to  joints,  and  that  is  the  electrostatic 
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capacity  of  the  joint  itself.  Those  who  have  experimented  with 
joint-making  in  connection  with  cables  have  found  that  a  cable 
will  stand  a  very  high  voltage  test  and  the  joint  itself  will  stand 
a  very  high  voltage  test.  In  the  combination  of  the  two,  the 
joint  will  break  down.  I  think  there  is  a  chance  for  investiga- 
tion along  the  line  of  the  dielectric  constant  or  the  electrostatic 
capacity  of  the  joint  itself — there  is  more  stress  on  the  joint  in 
combination  with  the  cable  than  there  would  be  if  the  joint  were 
tested  alone. 

Referring  to  the  paper  by  Messrs.  Clark  and  Shanklin,  when 
the  insulation  of  a  cable  is  subjected  to  an  electrical  pressure 
the  material  is  electrostatically  strained  by  molecular  displace- 
ment, which  may  end  in  rupture  if  the  pressure  prove  sufficient. 
If  the  pressure  be  removed  before  breakdown  occurs,  it  will  in 
most  cases  gradually  recover  its  normal  unstrained  condition. 
The  ability  of  a  cable  dielectric  to  withstand  this  strain  or  to 
rapidly  recover  from  such  strain  is  important  when  used  on  an 
a-c.  circuit.  Whatever  may  be  the  real  mechanism  of  this 
phenomenon,  the  result  is  that  with  rapidly  alternating  pressures 
molecular  vibrations  are  set  up  in  the  dielectric,  heating  it  and 
causing  loss  of  energy  similar  in  manner  to  that  which  takes 
place  in  a  rapid  magnetization  and  demagnetization  of  a  piece 
of  iron.  Therefore,  the  less  action  in  the  dielectric  the  less  heat. 
Associated  with  this  loss  due  to  molecular  vibration  is  the  re- 
sistance of  the  dielectric.  The  losses  due  to  hysteresis  and  con- 
duction in  the  dielectric  must  be  supplied  by  the  charging 
current  and  pressure,  and  these  losses  increase  the  power  factor 
of  the  cable  to  the  necessary  extent  by  bringing  the  pressure  and 
charging  current  more  nearly  into  phase. 

The  specific  resistance  and  permittivity  of  the  different 
insulating  materials  used  in  making  high-tension  cables  are 
vastly  different,  some  materials  have  a  very  high  specific  resist- 
ance and  a  high  capacity,  while  others  have  a  low  resistance  and 
low  capacity.  The  degree  and  manner  in  which  these  different 
materials  are  affected  by  temperature  as  regards  resistance, 
capacity  and  electric  stress  is  also  vastly  different.  A  careful 
study  of  all  of  these  characteristics  should  be  made  before  they 
are  used  in  the  construction  of  high-tension  cables. 

Paper  insulation  has  a  smaller  permittivity  constant  than 
cambric  or  rubber  and  a  lower  resistance.  The  temperature 
coefficient  of  the  permittivity  is  small,  while  that  of  the  resistance 
is  very  large.  This  is  shown  in  Tables  II  and  III,  and  cables  hav- 
ing this  large  temperature  coefficient  must  of  necessity  have  a 
larger  power  factor  at  higher  temperatures. 

When  we  take  into  consideration  the  high  temperature  to 
which  the  experiment  was  carried,  I  think  the  power  factor 
results  are  about  what  we  might  expect.  The  results  obtained 
with  the  different  cable  compounds  are  very  interesting,  and 
worthy  of  further  investigation;  so  much  depends  upon  the 
mechanical  makeup  of  the  cable  that  a  great  many  tests  should 
be  made  before  we  arrive  at  any  decision. 
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change  in  the  high-tension  voltage,  and  also  some  slight  change 
in  the  iron  losses.  No  correction  for  these  factors  is  given  by 
the  authors.  The  method  of  supplying  the  two  losses  from  sepa- 
rate sources,  however  I  believe  is  rational. 

The  making  of  cable  joints  has  always  caused  operating  com- 
panies considerable  trouble.  I  believe  that  some  of  the  difficulty 
in  obtaining  good  cable  joints  is  due  to  the  fact  that  the  ordinary 
cable  splicer  is  a  practical  man  and  perhaps  a  very  good  workman 
but  does  not  appreciate  the  many  seemingly  negligible  factors 
which  have  a  very  important  bearing  upon  the  dielectric  prop- 
erties of  insulating  materials.  Among  these  factors  is  the  exclu- 
sion of  air  and  moisture  mentioned  in  the  paper.  The  elimina- 
tion of  all  sharp  points  and  edges  in  the  metal  of  the  joint 
cannot  be  over-emphasized. 

Philip  Torchio:  I  want  to  discuss  especially  the  papers  of 
Messrs.  Bang  and  Louis,  and  Clark  and  Shanklin.  About  five 
years  ago  Mr.  Rayner  presented  a  paper  at  the  Institution  of 
Electrical  Engineers  of  England  and  covered  a  good  deal  of  the 
field  covered  by  the  two  papers  here  presented.  Numerous  other 
investigations  have  also  been  made.  These  analytical  papers 
are  very  valuable,  but  we  must  not  fall  into  the  error  of  general- 
izing too  much.  In  this  respect  I  call  attention  to  points  like 
the  following:  In  the  paper  by  Messrs.  Bang  and  Louis,  near 
the  end,  there  is  a  statement  comparing  specimens  A,  B,  C, 
with  D,  and  the  conclusion  is — "Or  a  rating  more  than  three 
times  greater  for  specimen  D  than  for  A".  While  scientifically 
correct,  that  statement  may  mislead  people  if  they  are  not  in  a 
position  to  closely  analyze  it.  For  instance,  it  would  be  useless 
to  make  a  comparison  with  a  0000  cable  A,  which  carries  38 
amperes,  while  another  cable,  of  the  same  size,  would  carry  127 
amperes.  We  know  that  if  a  three-phase  0000  cable  can  not 
carry  more  than  38  amperes,  that  there  is  something  the  matter, 
not  with  the  cable,  but  with  something  else,  and  what  we  have 
to  do  is  to  remedy  the  conditions  outside.  Scientifically,  the 
statement  is  perfectly  correct,  but  is  subject  to  misconception. 

The  same  authors  also  refer  to  the  Institute  Rules  determining 
the  copper  temperature  of  cables  compared  with  insulating 
fibrous  materials  used  for  other  purposes,  like  armature  coils, 
and  hence  a  conclusion  and  comparison  in  the  curve  is  made 
that,  if  we  operate  a  cable  at  105  deg.,  as  allowed  in  armatures 
for  such  type  of  insulation,  we  can  carry  power  to  practically 
unlimited  amount. 

Three  years  ago  when  I  was  a  member  of  the  Committee  on 
Standards  and  we  were  working  out  these  problems,  I  put  this 
question  to  a  gentleman  that  I  think  all  of  us  recognize  as  per- 
haps one  of  the  highest  authorities  in  cable  making,  who  was  then 
Chairman  of  the  Sub-Committee  on  Cable  Ratings,.  Mr.  Fisher. 
"We  have  just  adopted  105  deg.  for  copper  temperatures  for 
coils,  and  now  we  go  into  the  next  room  and  we  limit  it  to  65 
or  70  deg.  for  cables.    Why  should  there  be  such  a  difference?" 


1917] 


DISCUSSION  AT  NEW  YORK 


499 


Well,  Mr.  Fisher  said  what  Messrs.  Clark  and  Shanklin  have 
said,  and  what  any  practical  man  would  say,  he  mentioned  that 
these  cables  are  impregnated,  but  are  in  a  green  condition, 
not  entirely  cured.  They  are  bent,  coiled  up  on  reels,  and 
roughly  handled  in  installations.  The  cables  also  are  installed 
under  different  levels  and  ground  conditions,  and  inequalities  of 
heat  dissipating  properties  of  soil,  etc.  Now,  all  of  these  con- 
ditions may  cause  large  distortions  or  disturbed  conditions  of 
the  structure  of  the  cable  insulation.  I  have  seen  drawn  out 
cables  that  were  originally  round,  but  when  they  came  out  were 
triangular  in  shape;  we  never  know  the  insulation  value  under 
such  conditions  of  use.  It  is  useless  to  talk  about  an  increase  of 
dielectric  stresses  and  dielectric  loss,  etc.,  when  we  have  to  meet 
these  practical  conditions  of  operation. 

We  have  to  recognize  these  conditions;  and  must  not  be  led 
astray,  because  if  we  substitute  some  other  insulating  oil  in 
the  high-tension  cables,  the  old  troubles  are  in  a  great  measure 
still  there. 

In  the  same  way  I  would  call  attention  to  the  opening  sen- 
tence in  the  paper  of  Clark  and  Shanklin,  where  they  say: 
"The  experience  of  operating  companies  here  in  America  over 
a  period  of  years  shows  that  practically  all  failures  on  high- 
voltage  underground-cable  systems  can  be  attributed  to  heating.'' 
It  may  be  that  it  just  happens  that  my  personal  experience  on 
high-tension  cable  is  just  contrary  to  that.  Our  cable  troubles 
due  to  heating  are  exceptions.  Just  recently  we  had  two  burn- 
outs caused  by  localized  heating  due  to  external  sources  like  a 
boiler  installed,  under  a  sidewalk  alongside  a  trunk  line,  or 
escaping  steam  from  steam  mains. 

In  our  16,000-volt  cables  we  have  had  practically  no 
failures.  In  the  case  of  our  24,000-volt  cables,  which  were  a 
new  type  we  compelled  the  manufacturers  to  make,  we  had 
difficulty  at  the  factory  in  making  the  cable  withstand  the 
voltage  test,  and  twenty  lengths  were  made,  and  discarded. 
Some  manufacturing  changes  were  made  which  gave  better 
results  but  the  prihcipal  difficulty  due  to  a  special  form  of  wrap- 
ping was  not  entirely  eliminated  except  at  the  last.  The  first 
portion  of  cable  lengths  gave  us  trouble,  as  seven  or  eight  failures 
occurred;  with  the  latter  portion  of  cable  lengths  there  were  no 
failures. 

Therefore,  I  do  not  consider  it  exactly  a  fair  statement  to  say 
that  cable  failures  are  due  to  heating.  I  think  there  are  also 
mechanical  reasons  and  structural  reasons  which  have  to  be 
looked  up. 

The  measurements  of  dielectric  losses  are  very  interesting. 
To  my  knowledge  the  first  reference  of  the  importance  of  dielec- 
tric losses  in  cable  specifications  and  the  first  measurements  of 
these  losses  on  cable  installations  were  made  sixteen  years  ago 
by  me  and  reported  at  the  Convention  of  the  Association  of 
Edison  Illuminating  Companies  in  1902.   The  tests  were  made 
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on  a  10,935-foot  cable  feeder  paper  insulated  and  a  24,756-foot 
cable  feeder,  rubber  insulated.  As  to  the  tests  applied  to  cables 
manufactured  in  or  before  1901,  it  may  be  of  interest  to  have 
the  results  from  those  cables  compared  with  the  results  obtained 
by  Messrs.  Clark  and  Shanklin  for  modern  cables.  The  method 
of  measurement  was  by  means  of  a  Rowland  dynamometer. 
I  quote  from  the  report  as  follows: 

"In  explanation  of  the  tests  it  may  be  briefly  stated  that  the  triplex 
cable  was  considered  as  constituting  six  independent  condensers,  of  which 
three  are  made  up  of  each  conductor  against  a  lead  sheath,  and  three  of 
each  conductor  against  the  other  two  conductors.  The  capacity  current 
and  the  watt  losses  in  dielectric  hysteresis  of  one  of  these  condensers  was 
first  determined  for  a  given  frequency,  voltage  and  temperature,  and 
from  this  data  the  power  factor  of  the  capacity  current  was  obtained. 
For  the  other  condensers  the  capacity  current  was  measured  under  the 
same  conditions  of  frequency,  voltage  and  temperature,  and  the  dielectric 
losses  are  calculated,  assuming  for  the  capacity  current  the  same  power 
factor  as  obtained  before.  The  total  dielectric  losses  for  the  whole  cable 
were  calculated  by  adding  the  working  voltages  of  the  different  condensers 
under  normal  operating  conditions.  The  results  were  as  follows: 
Dielectric  Losses  in  Triplex  Cables  Operating  at  600  Volts — 25  Cycles. 

Rubber  cable 
(with  a 
section  of 
Paper  cable  paper) 

Length,  feet   10,936 

Rubber   24,736 

Paper   1,774 

Total   26,510 

Copper,  cir.  mils   250,000  250,000 

Insulation   10-32  in.  10-32  in. 

Temperature  (approx.)   80  deg.  fahr.     80  deg.  fahr. 

Current  to  ground,  amperes. .......  0 . 59  2.7 

Cycles   25  25 

Volts  impressed   6,300  6,360 

Watts  measured   175  2,424 

Apparent  watts   3,720  17,200 

Power  factor   0 . 0471  0.141 

Charging  current,   working  condi- 
tions, amperes   0 . 047    •  2 . 16 

Charging  voltage   6,400  6,400 

Voltage  between  legs   6,400  6,400 

Voltage  to  earth   3,700  3,700 

Current  to  earth   0 . 341  1 . 56 

Current  to  other  legs   0 . 129  0 . 60 

True  watts  to  earth   59 . 3  813.8 

True  watts  to  other  legs   44 . 9  625 . 2 

Total  watts  lost  from  1  leg   104 . 2  1,439 

Total  watts  lost  from  3  legs   312 . 6  4,317 

Total  watts  lost  per  foot   0.02859 

Loss  in  1774  feet  paper  cable   51 

Loss  in  24,756  feet  rubber  cable   4,266 

Total  watts  lost  per  foot,  at  a  temp. 

of  80  deg.  fahr  •   0 . 02859  0 . 1723 

The  above  results  can  be  used  as  a  basis  for  investigating  what  would 
be  the  losses  under  different  conditions  of  frequency,  voltage  or  tempera- 
ture, taking  into  consideration  the  fact  that  the  dielectric  losses  are 
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approximately  proportional  to  the  frequency,  to  the  square  of  the  voltage 
and  to  a  certain  function  of  the  temperature,  not  yet  determined.  The 
temperature,  however,  increases  considerably  the  dielectric  losses,  and 
from  results  obtained  from  tests  on  insulating  materials  carried  out  by 
Mr.  C.  E.  Skinner  of  the  Westinghouse  Electric  &  Manufacturing  Com- 
pany it  seems  probable  that  the  breakdown  of  insulation  is  usually 
started  at  one  point  by  the  development  of  heat  at  a  higher  rate  than  can 
be  dissipated,  the  increase  of  temperature  causing  the  dielectric  losses 
to  .grow  larger,  thereby  making  the  conditions  worse  and  worse,  until  the 
insulation  is  charred  and  finally  breakdown  results. 

Another  factor  affecting  the  dielectric  losses  is  the  shape  of  the  electro- 
motive-force curve,  the  sine  curve  giving  the  minimum  dielectric  losses, 
which  is  explained  by  the  presence  of  higher-frequency  harmonics  in  the 
curve  differing  from  the  sine  shape. 

The  data  here  presented  are  too  incomplete  to  attempt  to  arrive  at 
absolute  conclusions,  but  it  may  assist  in  gaining  an  idea  of  the  great 
importance  of  the  dielectric  losses  in  cables: 

(a)  In  applying  high-voltage  tests  and  the  duration  of  the  same. 

(b)  In  specifying  insulating  resistance  of  cables  as  the  heating  due  to 
dielectric  losses  alone,  affect  greatly  the  insulation  resistance  of  the  cable. 

(c)  In  the  selection  of  rubber  or  paper-insulated  cables  for  very  high 
voltages  and  high  frequencies,  independently  of  considerations  of  cost. 

(d)  In  the  adoption  of  pressure  wires  in  high-tension  cables,  as  the 
capacity  current  of  the  pressure  wires  is  often  larger  than  one-half  the 
capacity  current  of  the  main  conductors. 

(e)  In  the  importance  of  uniformity  of  rotation  of  prime  movers  and 
good  design  of  generators  to  avoid  distorted  curves  of  electromotive 
forces." 

During  the  last  few  years  I  have  made  several  tests,  and 
have  not  arrived  yet  at  a  clear  understanding  of  the  law  govern- 
ing the  proportionality  of  losses  with  frequency.  In  that  paper 
written  fifteen  years  ago  I  said  that  the  dielectric  losses  were 
proportional  to  the  frequency.  Subsequent  tests  which  I  have 
madfe  show^that  they  are  not  absolutely  proportional  to  the 
frequency.  Looking  over  some  curves  we  have  made  on  a 
variety  of  insulating  materials,  we  have  found  that  approximately 
the  losses  vary  less  than  the  square  root  of  the  frequency,  and 
I  would  like  to  ask  Messrs.  Clark  and  Shanklin  if  they  can  give 
the  law,  if  there  is  a  law,  covering  the  valuation  of  dielectric 
losses  with  frequency. 

I  want  just  to  emphasize  one  point  about  the  importance  of 
these  losses  that  I  should,  perhaps,  have  stated  before.  I  do  not 
believe  it  is  practicable  to  operate  a  cable  above  the  temperature 
of  steam  in  air.  If  you  operate  a  cable  at  105  deg.  in  the  duct, 
that  duct  will  get  dry  and  grow  hotter  and  hotter.  So  there  is 
no  use  in  presenting  papers  dealing  with  temperatures  above 
100  deg.,  as  such  papers  are  misleading.  Let  us  confine  our 
study  below  the  100  deg.  mark  so  as  not  to  deal  with  the  im- 
practicable. 

If  we  limit  the  study  to  a  practical  limit  of  say  80  deg.  for  6600 
volts,  25  cycles,  the  losses  would  be  almost  negligible,  for  any 
kind  of  insulating  compound.  With  a  cable  at  13,200  volts,  at 
60  cycles,  the  difference  for  different  compounds  would  be  more, 
so  that  for  same  copper  temperature  the  current  capacity  would 
have  to  be  reduced  ten  or  twenty  per  cent  with  a  higher  dielectric 
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loss  compound.  Hence  the  dielectric  losses  in  cables  assume 
only  importance  with  voltages  above  say  10,000  volts  and  higher 
frequencies. 

I  want  also  to  briefly  make  a  comment  in  reference  to  varnished- 
cambric  and  rubber-insulated  cables.  I  made  some  tests  in  1910, 
to  obtain  the  resistance  and  dielectric  strength  variation  with 
temperature  for  varnished-cambric  and  paper  cables,  which 
showed  that  the  insulation  resistance  fell  off  much  more  rapidly 
for  the  varnished  cambric  than  for  the  paper,  and  also  that  the 
varnished-cambric,  three-phase  250,000-cir.  mils,  10/32-insula- 
tion  cable  breaks  down  on  the  average  at  20  deg.  at  97,000  volts; 
at  100  deg.  at  38,000  volts,  and  at  150  deg.;  at  32,000  volts. 
This  is  inconsistent  with  the  data  given  in  the  paper;  however, 
I  think  the  answer  is  given  by  a  side  comment  of  Mr.  Shanklin's 
when  he  stated  that  the  linseed-oil  compounds  have  different 
characteristics  from  the  mineral-oil  compounds,  and  I  imagine 
that  in  his  case  the  varnished  cambric  is  of  the  type  using  the 
mineral  compounds,  but  the  varnished-cambric  cables  of  1910, 
were  very  bad. 

C.  W.  Davis:  The  company  with  which  the  writer  is  connected 
has  had  its  engineers  at  work  upon  these  problems  for  many 
years,  and  while  it  has  pursued  dielectric  loss  and  heating  in- 
vestigations along  very  similar  lines  and  has  achieved  results 
which  in  many  ways  confirm  those  outlined  in  these  papers, 
there  is  enough  difference  between  its  results  and  those  presented 
in  these  papers  to  lend  an  added  interest  to  the  latter. 

The  graphical  method  of  determining  the  critical  temperature 
has  the  great  advantage  of  simplifying  the  problem.  We  have 
made  use  of  this  method  as  outlined  by  Prof.  Miles  ^alker  in  his 
discussion  of  Rayner's  paper  before  the  I.  E.  E.  of  Great  Britain 
in  1912.  Prof.  Walker  explains  in  that  discussion  how  the  critical 
temperature  can  be  obtained  by  drawing  a  line  tangent  to  the 
dielectric  loss  curve  parallel  to  the  heat  dissipation  curve. 

Mr.  H.  W.  Fisher,  R.  W.  Atkinson  and  others  have  pointed  out 
how  dissipation  curves  of  a  duct  system  can  be  obtained  and  it 
has  been  explained  that  this  information  is  a  pre-requisite  in  the 
determination  of  resulting  cable  temperatures,  and  in  particular 
the  critical  temperature  of  high-voltage  cables.  Until  the  cable 
user,  however,  is  able  to  come  to  the  manufacturer's  assistance 
and  make  such  careful  and  such  extensive  measurements  of  the 
conditions  of  his  duct  system  as  to  give  the  manufacturer  an 
accurate  record  of  what  can  be  fairly  taken  as  average  conditions 
and  as  the  worst  conditions  to  be  met  with  in  any  given  locality, 
it  is  obvious  that  the  manufacturer  is  forced  to  base  his  judgment 
on  what  may  be  more  or  less  insufficient  data. 

There  can  be  no  doubt  about  the  desirability  of  making  use  of 
dielectrics  of  low  power  factor  in  the  construction  of  high- voltage 
cables.  It  was  in  recognition  of  this  fact  that  the  engineers  with 
whom  I  have  been  associated,  namely,  H.  W.  Fisher  and  W.  A. 
Conner,  were  led  to  embark  upon  a  course  of  experimentation 
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upon  mineral-base  compounds  some  time  in  1908,  I  believe. 
And  their  much  earlier  experience  with  cable  made  entirely  of 
mineral  waxes  was  in  part  responsible  no  doubt  for  their  selection 
of  a  mineral-base  compound  for  this  new  purpose.  By  1910  a 
very  considerable  amount  of  such  mineral-base-compound  cable 
had  been  manufactured  and  installed  under  their  direction  for 
use  at  10,000  volts  and  over,  and  there  are  several  hundred 
thousand  feet  of  such  mineral-base-compound  cable  in  satisfac- 
tory use  to-day. 

A  number  of  difficulties  were  met  with  in  the  early  days  of  the 
manufacture  of  cable  made  with  these  mineral-base  compounds. 
Most  of  these  difficulties  have  been  overcome  and  the  others 
in  the  course  of  time  and  under  longer  observation  have  proven 
less  serious  in  practise  than  had  been  imagined.  It  has  only  been 
within  the  recent  past,,  however,  and  after  a  number  of  years' 
experience  with  such  cables,  under  actual  working  conditions  in 
widely  separated  parts  of  the  country,  that  the  conclusion  was 
reached  that  cables  using  mineral-base  compound  can  be  made 
(if  we  are  satisfied  with  reasonably  low  rather  than  the  lowest 
attainable  dielectric  losses),  which  are  fairly  comparable  in  their 
freedom  from  failure  from  all  causes,  with  cables  made  of  vege- 
table-base compounds. 

It  would  be  interesting  to  know  on  what  basis  of  reasoning 
Messrs.  Shanklin  and  Clark  are  led  to  the  conclusion  that  practi- 
cally all  failures  on  underground-cable  systems  can  be  attributed 
to  heating.  Records  relating  to  millions  of  feet  of  cable,  with 
which  I  am  familiar,  show  that  for  cable  of  the  particular  make  I 
have  in  mind  only  three  instances  of  burn-out  can  with  any 
degree  of  assurance  be  attributed  to  over-heating  of  the  kind 
that  is  apparently  referred  to,  although  the  records  referred  to 
date  back  to  1902  and  relate  to  cable  operating  at  voltages  from 
10  kv.  to  25  kv.  three-phase,  made  of  both  vegetable-base  com- 
pound and  mineral-base  compound.  These  three  cases  represent 
the  smallest  class  of  failures  encountered  with  these  cables. 
Where  such  an  enormous  quantity  of  cable  is  involved  and  where 
the  conditions  of  service  run  the  full  gamut  between  the  best 
and  worst  from  practically  all  the  large  cities  jn  the  country,  it 
seems  only  a  fair  conclusion  that  the  cable  of  vegetable-base 
compound  (which  included  much  the  greater  portion  of  that 
here  spoken  of)  is  either  of  substantially  lower  dielectric  loss 
than  the  vegetable-base  cable  referred  to  by  Messrs.  Shanklin 
and  Clark  and  Messrs.  Louis  and  Bang  or  that  the  duct  sys- 
tems of  the  country  only  rarely  include  any  such  extreme 
conditions  as  they  allude  to.  Numerous  tests  on  high- 
voltage  cable  of  vegetable-base  compound  with  which  I  am 
most  familiar  have  failed  to  show  anything  like  as  high  results 
on  the  average  as  those  referred  to  by  Messrs.  Shanklin  and 
Clark  or  Messrs.  Louis  and  Bang,  either  for  new  or  old  cable. 
I  am  inclined  to  believe,  therefore,  that  the  cable  of  vegetable- 
base  compound  represented  by  their  data  is  exceptional  in  charac- 
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ter,  either  because  of  the  original  treatment  or  because  it  has 
been  injured  by  repeated  overloads.  This,  coupled  with  a  duct 
system  of  exceptionally  poor  thermal  properties,  seems  to  be  the 
most  probable  cause  of  the  trouble  referred  to;  and  in  the  face 
of  the  excellent  results  that  have  been  obtained  and  are  still 
being  obtained  with  vegetable-base  cables  of  various  manufac- 
ture in  voltages  from  10  kv.  to  25  kv.,  it  would  seem  entirely 
unjustifiable  to  assume  that  the  data  presented  in  these  pages 
give  anything  like  merited  recognition  to  the  cla  ms  of  well 
made  cable  using  vegetable-base  compounds. 

It  is  interesting  to  note  that  one  of  the  largest  and  most  suc- 
cessful makers  of  high-voltage  cable  in  Europe  has  used  for  many 
years  and  is  using  today,  we  believe,  a  vegetable-base  compound 
which,  in  a  specimen  we  tested  at  voltage  up  to  14,000  some 
three  years  ago  and  again  a  few  months  ago,  had  a  power  factor 
of  4  per  cent  at  150  deg.  fahr.  and  30  per  cent,  at  200  deg.  fahr.; 
this  cable  having  been  taken  from  a  piece  that  has  been  operating 
successfully  in  a  very  hot  duct  system  since  1910.  It  is  not  at  all 
infrequent  for  us  to  find  samples  of  new  cable  using  vegetable- 
base  compounds  that  show  power  factors  of  7.5  per  cent  at  150 
deg.  fahr.  and  30  per  cent  at  200  deg.  fahr. 

The  change  of  resistivity  and  power  factor  with  voltage  at 
low  temperatures  has  been  noted  by  us  in  connection  with  speci- 
mens which  have  been  bent  when  cold,  and  also  with  specimens 
made  under  practical  working  conditions  which  have  not  been 
bent  while  cold.  While  this  does  not  necessarily  mean  that  the 
behavior  of  the  specimen  may  not  be  due  to  the  same  causes 
suggested  by  the  authors  in  connection  with  their  cold-bent 
samples,  it  is  nevertheless  suggestive  of  the  possibility  that  other 
causes  may  be  involved. 

We  have,  on  several  occasions  during  the  last  four  or  five 
years,  noted  the  peculiar  appearance  of  high-voltage  three-con- 
ductor paper  cable  which  had  started  on  the  road  to  destruction 
through  the  combined  effect  of  dielectric  losses  and  copper  losses 
in  over-heated  cables.  The  appearance  of  such  cables  cor- 
responds exactly  with  the  description  given  Messrs.  Shanklin 
and  Clark;  and  tests  made  on  new  cable  and  on  cable  taken  close 
to  such  a  burn-out  show  changes  of  the  same  character  indicated 
by  this  paper. 

In  passing  it  is  worth  noting  that  Klein  in  1913  in  a  paper  in 
the  E.  T.  Z.  pointed  out  the  very  great  change  in  power  factor 
with  voltage  at  low  temperatures  on  certain  single-conductor 
paper-insulated  cables  of  various  copper  dimensions  and  various 
thicknesses  of  insulation.  The  curves  given  by  Mr.  Klein, 
showing  power  factor,  are  almost  direct  counterparts  of  the 
curves  given  in  Mr.  Clark's  paper  for  specific  resistivity  vs. 
kilovolts. 

So  far  as  we  are  aware  the  first  data  published  showing  the 
cyclic  change  of  resistance  with  temperature  are  given  by 
Tede  chi  in  1912  in  the  Archiv  Fur  Elektrotechnik  where  heat 
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cycles  at  various  voltages  up  to  5000  volts  were  carried  out  on 
a  number  of  insulating  materials.  It  is  of  further  interest  to 
note  that  Pungs,  in  his  article  on  insulating  materials  in  the 
same  periodical  for  1912,  calls  attention  to  the  fact  that  the 
insulation  resistance  of  oils  and  compounds,  particularly  at 
relatively  high  temperatures,  is  very  closely  comparable  with  the 
alternating-current  resistance  as  determined  by  dielectric  loss 
measurements. 

H.  R.  Woodrow:  We  were  very  glad  in  looking  over  Mr. 
Roper's  paper  to  see  that  many  of  the  points  that  he  has  brought 
out  are  in  accord  with  our  experiences  along  the  same  line.  In 
general  the  conclusions  that  we  have  deduced  from  a  large 
number  of  tests  and  experiments  which  were  made  for  the  pur- 
pose of  finding  a  type  of  joint  which  would  be  successful  for  use 
on  a  25,000-volt  cable  are  in  accord  with  those  given  by  Mr. 
Roper.  The  type  of  joint  adopted  was  completely  described 
in  the  Electrical  World  of  April  15,  1916. 

The  need  of  improving  the  methods  of  making  such  cable 
splices  was  recognized  several  years  ago  and  extensive  studies 
and  tests  with  different  kinds  of  joint-filling  compounds  were 
conducted  in  connection  with  different  types  of  carefully  made 
joints;  but  all  these  joints  failed  to  give  uniform  and  satisfactory 
results.  Paraffine  compounds  were  found  unsatisfactory  be- 
cause on  cooling  they  contract,  leaving  pockets.  Heavy-gum 
compounds  having  high  melting  points  did  not  flow  into  the 
crevices,  and  moreover  under  short-circuit  stress  cracks  were 
formed  which  did  not  heal  and  finally  caused  breakdown.  Later 
experiments  were  conducted  with  liquid  fillers  (fluid  at  low 
temperatures)  such  as  rosin  or  mineral  oils  used  in  the  insulation 
of  cables.  The  chief  difficulty  experienced  at  first  with  liquid 
fillers  was  their  tendency  to  run  into  the  cable  and  leave  voids 
in  the  joint.  After  considerable  experimenting,  however,  this 
difficulty  was  completely  overcome  by  the  design  of  joint 
described  in  the  Electrical  World  of  April  15,  1916.  This 
joint  is  filled  with  oil  and  has  the  hand-wrapped  insulation, 
but  over  the  outside  insulating  belt  is  a  grounding  gauge  over 
which  is  a  covering  of  cotton  wick  which  holds  the  oil  in  the 
joint.  Tests  have  shown  that  the  oil  may  all  be  drained  out  of 
the  sleeve  without  affecting  the  saturation  of  the  joint. 

Under  laboratory  test  these  joints  have  withstood,  without 
failure,  50,000  volts,  three  phase,  for  over  340  hours,  when  the 
test  was  discontinued.  Out  of  more  than  thirty  experimental 
splices  of  all  types,  the  oil-filled  ones  were  the  only  ones  which 
stood  indefinitely  the  50,000-volt,  thrfee-phase  test.  Some  of 
these  oil-filled  splices  were  tested  with  equally  satisfactory  re- 
sults, even  when  drained  of  all  the  oil  in  the  annular  space  be- 
tween the  joint  and  lead  sleeve. 

Over  290  cable  splices  have  been  in  service  nearly  three  years 
on  three  25,000-volt  cables,  supplying  the  New  York,  New 
Haven  &  Hartford  Railroad.    This  is  a  single-phase  load  with  a 
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very  heavy  fluctuation  and  there  has  not  been  a  single  failure  in 
these  joints.  Prior  to  the  development  of  these  joints,  even  the 
best  made  joints  of  the  older  type  failed  as  often  as  once  a  month 
on  less  than  16,000  volts. 

We  have  made  up  the  accompanying  curves  of  Fig.  1,  showing 
our  comparative  experience  during  the  last  few  years  with  the 
oil-filled  and  solid-filled  joints. 

About  a  year  ago  we  began  applying  this  type  of  joint  on  our 
15,000-volt  lines,  and  up  to  the  present  time  not  a  single  failure 
has  occurred,  which  shows  a  marked  improvement  over  the 
solid-filled  joint. 

Mr.  Harper  has  brought  out  some  points  which  we  have  also 
found  in  our  tests.  With  these  joints  filled  under  vacuum,  the 
insulating  compound,  which  is  an  oil,  penetrates  into  the  cable 
for  several  feet,  which  obviates  the  difficulty  due  to  a  partial 
draining  of  the  cable  forming  air  pockets. 


LENGTH  OF  TIME  IN  SERVICE  (IN  MONTHS) 

Fig  1 


This  oil-filled  type  of  joint  requires  practically  the  same 
amount  of  time  to  make  as  any  hand-wrapped  joint  but  there  is 
an  additional  time  required  if  the  vacuum  is  applied.  The  vacu- 
um filling  has  an  advantage  on  the  extra  high- voltage  cable, 
although  we  found  the  other  method,  when  it  was  impregnated 
without  using  the  vacuum,  gave  good  results  on  lower  voltages. 
The  vacuum  operation  will  require  an  hour  to  an  hour  and  a 
half  per  joint. 

John  B.  Whitehead:  The  dissipation  of  heat  from  a  conduit 
line,  takes  place  by  heat  conduction;  radiation  and  convection 
being  absent.  Under  these  circumstances  the  temperature  that 
is  attained  in  the  conduit  line  depends  on  the  temperature 
gradient  of  the  surrounding  medium. 

In  these  papers  it  is  assumed,  that  we  have  a  definite  tem- 
perature gradient  around  each  conduit  line;  if  that  is  the  case, 
and  it  undoubtedly  is  the  case  in  the  single  line  of  Bang  &  Louis, 
it  accounts  for  the  straight  line  relation  between  the  losses  in 
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the  cables  and  the  resulting  temperature.  This  in  turn  indi- 
cates that  a  given  number  of  ducts  should  be  laid  so  as  to  present 
the  maximum  surface  of  contact  with  the  soil.  To  lay  them  so 
as  to  require  the  least  amount  of  excavation  will  often  result  in 
conditions  lowering  the  safe  capacity  of  the  cables,  for  example 
Mr.  Harper  shows  that  the  capacity  of  the  duct  line  is  only 
limited  by  the  outside  surface,  the  effect  of  the  inside,  the  in- 
terior conductors,  not  having  much  bearing  on  the  total  capacity. 

The  paper  by  Messrs.  Bang  and  Louis,  it  seems  to  me,  is  an 
important  step  toward  the  possibility  of  rating  cables  defi- 
nitely. The  method  suggested  by  them,  however  requires 
that  the  dissipating  curve  of  the  duct  line  should  be 
known.  For  this  there  is  needed  a  knowledge  of  the 
properties  of  the  soil  and  the  losses  that  are  taking  place  in  all 
of  the  ducts,  except  that  particular  one  in  which  the  cable  in 
question,  is  laid.  In  addition  the  dielectric  loss  curve  of  the 
cable  itself,  must  be  known.  It  should  be  possible  to  standardize 
several  forms  of  cross  section  of  duct  line,  and  to  test  their 
dissipation  curves  in  various  conditions  of  soil.  With  the  di- 
electric loss  curve  of  a  cable  known  it  would  then  be  possible  to 
state  the  safe  load  it  could  carry  in  several  standard  conditions. 
While  we  are  still  far  from  being  able  to  do  this,  the  paper  has 
shown  clearly  the  principles  involved. 

Passing  to  the  paper  by  Messrs.  Clark  and  Shanklin,  and 
particularly  to  the  suggestion  that  ionization  takes  place  within 
the  cable,  and  is  shown  by  the  rapid  fall  in  the  resistivity  curves 
at  lower  temperatures.  The  evidence  that  there  is  ionization 
here,  as  presented  by  the  authors,  is  two-fold;  first,  that  on 
opening  a  cable  there  is  evidence  of  bubbles  of  gas,  open  spaces 
apparently,  and  the  additional  curve  which  has  been  taken  on 
a  cable  which  has  been  prepared  with  tape,  and  in  which  there 
is  loss  due  to  the  ionization  of  air.  It  seems  to  me  there  are 
several  reasons  why  there  cannot  be  any  ionization,  at  least 
gaseous  ionization,  within  the  body  of  a  normal  cable. 

First  ionization  of  gas  is  invariably  accompanied  by  sparking 
and  carbonization.  In  my  opinion,  if  you  get  either  of  these 
effects  started  in  the  cable,  the  cable  will  not  stand  up  very 
long,  but  the  result  will  be  immediately  progressive  and  the 
cable  will  break  down.  Second  how  can  there  be  any  gas  in 
the  cable?  The  author's  suggestion  that  the  distortion  and 
bending  of  the  cable  leaves  open  spaces,  and  that  these  spaces 
are  filled  by  volatilized  gases  is  not  clear  to  me : — What  is  going 
to  volatilize  the  gases  at  the  low  temperatures  existing?  Third, 
there  is  no  evidence  of  ionization  at  the  higher  temperatures. 
Ionization  occurs  very  much  more  readily  at  high  temperatures 
than  low.  I  think  if  it  started  at  low  temperatures,  it  would 
start  much  more  easily  at  high  temperatures. 

It  is  possible  to  account  for  all  the  measurements  on  the  cable 
at  low  temperatures  by  distortion  of  the  cross-section  of  the 
cable,  bringing  the  conductors  themselves  nearer  to  the  sheath 
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at  certain  points?  In  this  case  there  would  be  an  increase  of 
flux  density,  and  consequently  a  local  increase  of  temperature, 
resulting  in  higher  losses,  and  consequently  a  reduction  of  the 
average  resistance  of  the  entire  insulation.  I  ask,  as  bearing  on 
those  points,  how  the  authors  maintain  the  temperature  of  the 
cable  uniform,  and  how  they  know  it  is  uniform?  I  should  like 
to  ask  also  for  some  further  description  of  the  spaces  which  they 
say  have  been  filled  by  ionized  gas. 

D.  W.  Roper:  One  point  which  was  raised  in  connection 
with  my  paper  was  by  Mr.  Middleton,  where  some  reference 
was  made  to  the  electrostatic  capacity  of  the  joint  being 
different  from  the  cable,  that  might  be  the  cause  of 
trouble.  We  have  had  several  cases  of  trouble  of  that 
nature,  some  years  ago,  in  which  the  difference  in  the  electro- 
static capacity  of  the  cable  may  have  had  some  influence  on  the 
failures.  The  joints  were,  we  will  say,  fundamentally  bad  in 
one  particular,  but  it  was  a  very  interesting  case  of  joint  trouble. 
One  joint  in  a  long  transmission  line,  sixteen  miles  long,  had 
failed  about  one  mile  and  a  half  from  the  generating  station,  and 
as  we  found  later,  the  joint  had  exploded,  as  it  were,  the  lead~ 
sheath  being  split  longitudinally,  and  a  large  portion  of  the 
compound  blown  out.  The  conductors  were  left  practically 
intact  in  their  curved  form  necessary  for  the  application  of  the 
insulation.  There  were  also  some  other  troubles  at  the  station 
occurring  coincidentally,  so  that  it  was  not  possible  to  make  a 
test  with  the  usual  test  set.  The  cable  was  therefore  tested  by 
closing  the  switch  at  the  further  end  of  the  line.  This,  of  course, 
gave  us  an  open-air  arc  between  those  conductors  which  had 
been  exposed  by  the  explosion  of  the  joint.  Later,  when  the 
repairs  to  the  cable  and  in  the  station  were  completed,  we  again 
tried  out  the  cable  and  found  it  stood  the  regular  test,  but  on 
being  placed  in  service  it  remained  in  service  only  a  few  hours 
before  another  similar  breakdown  occurred.  This  was  repeated 
several  times,  and  these  failures  were  all  near  the  original  joint 
trouble.  Before  we  got  the  cable  back  in  service  permanently, 
we  remade  all  of  the  joints  within  about  three-quarters  of  a 
mile  of  the  original  burnout,  after  which  the  trouble  ceased. 
Apparently  the  subsequent  breakdowns,  following  the  initial 
failure,  were  due  to  some  high-frequency  and  high-potential 
disturbances  that  traveled  along  the  cable  and  affected  only  the 
joints.  Possibly  the  electrostatic  capacity  of  the  joints  had 
some  bearing  on  the  trouble,  because  the  troubles  were  confined 
to  a  comparatively  small  distance  from  the  original  failure. 

There  are  a  few  points  I  would  like  to  bring  up  in  connection 
with  the  other  papers  which  have  been  presented.  The  authors 
have  mentioned  hot  spots  in  connection  with  the  cables.  Do 
these  hot  spots  occur  in  cables  that  are  thoroughly  impregnated, 
and  if  so,  is  it  feasible  to  devise  a  specification  or  test  to  tell 
when  the  cables  are  properly  impregnated?  In  two  of  the 
papers,  mention  is  made  of  limiting  the  amount  of  current  or 
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power  that  should  be  transmitted  through  any  one  conduit, 
and  in  one  paper  a  definite  limit  is  suggested.  It  would  be 
interesting  to  know  what  is  the  voltage  and  power  factor  of  the 
load  being  carried  on  these  cables.  It  would  be  more  interesting 
if  figures  would  be  given  of  the  total  watts  lost  per  foot  of  cable, 
and  the  loss  per  foot  of  conduit,  and  the  number  of  ducts. 

One  of  the  papers  mentions  the  submerging  of  the  cables  in 
water,  and  another  paper  tells  of  the  beneficial  effects  of  sprink- 
ling the  duct.  Mr.  Harper,  I  believe,  mentioned  the  water 
for  cooling.  It  is  not  clear,  however,  whether  it  was  intended 
to  simply  submerge  the  cables  so  as  to  make  them  all  of  uniform 
temperature,  and  perhaps  increase  the  conductivity  of  the  sur- 
rounding soil,  or  whether  it  was  intended  to  have  a  current  or 
flow  of  water  pass  through  the  conduit,  so  as  to  give  practically 
the  conditions  found  in  the  water-cooled  transformer.  The 
submerging  of  cables  is  a  good  device,  under  some  circumstances, 
but  it  has  its  disadvantages.  We  had  a  case  of  that  kind  which 
was  adopted  involuntarily,  owing  to  a  series  of  rains  that  brought 
the  ground  water  level  a  foot  or  more  above  the  level  of  the 
conduit,  and  then  a  cable  broke  down  in  this  submerged  area. 
We  had  to  pump  out  a  mile  or  more  of  conduit,  before  we  could 
get  at  the  cable,  because  as  we  lowered  the  water  level  the  water 
ran  in  from  the  adjacent  conduit  lengths  for  some  distance  on 
each  side,  and  it  was  hardly  feasible  to  get  down  and  plug  up 
the  ducts  without  the  use  of  a  diver.  That  is  a  point  which 
should  be  taken  into  consideration  when  planning  to  submerge 
cables. 

A.  F.  Bang:  Replying  to  Mr.  Dawes*  remarks  about  the 
low  rating  indicated  in  our  curves,  I  want  to  underscore  again 
that  the  ratings  which  we  have  given  refer  only  to  particular 
cases  and  only  to  constant  load  conditions.  If  the  load  varies 
you  can  safely  carry  a  materially  greater  peak  load  than  in- 
dicated by  the  average  load  in  our  curves.  If  the  load  factor  is 
small  our  deductions  do  therefore  not  apply.  This  problem  of 
variable  load  conditions  is  very  important  but  is  not  covered  by 
our  paper. 

I  was  interested  in  what  Mr.  Torchio  said  about  the  reason  for 
limiting  the  temperature  on  high-tension  cables  to  values  con- 
siderable lower  than  on  low-tension  cables  and  what  is  ordinarily 
considered  safe  for  electrical  machinery.  I  still  believe  though 
that  the  essential  limit  is  the  critical  point  as  defined  in  our 
paper  and  that  we  will  be  able  to  safely  go  to  much  higher  cable 
temperatures  than  specified  in  the  Institute  Rules  if  we  are 
only  sure  we  will  not  reach  this  point. 

We  have  made  up  certain  curves,  for  instance,  to  determine 
the  critical  temperature  for  a  duct  line  with  a  varying  number  of 
cables  installed  and  found  this  temperature  to  vary  very  much, 
say  in  the  case  of  two  cables  it  might  be  90  deg.  cent,  and  for 
thirteen  cables  65  deg.  cent.,  though  the  cables  in  both  cases 
had  the  same  dielectric  characteristics. 
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C.  A.  Adams:  I  would  ask  if  any  precautions  were  taken  to 
guard  against  the  errors  common  to  low  power  factor  measure- 
ments by  wattmeters  where  instrument  transformers  were  em- 
ployed? 

A.  F.  Bang:  Our  measurements  were  made  by  measuring  on 
the  low  side  the  input  into  potential  transformers  which  were 
connected  on  the  high  side  with  the  cable.  The  power  factor 
on  the  low  side  of  the  potential  transformers  would  never  be 
below  50  per  cent  and  any  error  in  the  watt  meter  indications, 
due  to  low  power  factor  would,  I  take  it,  not  be  appreciable  be- 
fore the  power  factor  went  below  10  per  cent. 

The  only  source  of  error  of  importance  that  I  can  see  is  the 
fact  that  our  method  was  a  differential  method,  i.  e.,  to  get  at  the 
cable  losses  we  had  to  subtract  the  iron  and  copper  losses  in  the 
potential  transformers  from  the  total  indications.  If  now  these 
losses  were  three  or  four  times  as  great  as  the  cable  losses,  as 
was  the  case  at  low  temperatures,  a  1  per  cent  error  in  the  read- 
ings might  naturally  cause  a  much  larger  error  in  the  final  re- 
sult; but  at  low  temperature  these  losses  are  anyhow  small  and 
unimportant  and  at  higher  temperatures  the  above  mentioned 
error  would  be  negligible,  since  the  cable  losses  here,  especially 
in  the  poorer  samples,  would  be  many  times  greater  than  the 
transformer  losses. 

One  strong  point  in  favor  of  our  measurements  is  the  fact  that 
they  were  made  with  actual  three-phase  current  and  potential 
applied,  so  that  there  can  not  be  any  doubt  but  that  the  cables 
were  actually  subjected  to  the  same  stresses  as  take  place  in 
ordinary  operation. 

Wallace  S.  Clark:  Referring  first  to  Mr.  Harper's  paper, 
Mr.  Roper  neglected  to  state  at  one  time  the  Chicago  Edison 
Company  did  actually  and  deliberately  operate  a  lot  of  cables 
submerged  in  a  tunnel  under  the  river.  They  were  low-tension 
cables,  it  is  true,  but  the  idea  was  there.  They  got  to  a  point 
where  they  could  not  carry  the  current.  It  seems  in  operating 
lead-covered  cables  actually  under  water,  there  is  one  bit  of 
data  we  must  have  before  we  can  suggest  it,  and  that  is  the  rate 
of  corrosion  of  the  lead  sheath  with  water  flowing  through  the 
conduit,  and  that  water  carrying  more  or  less  air.  Corrosion  of 
iron  in  water,  assuming  the  water  to  be  fresh,  is  largely  a  matter 
of  the  amount  of  air  and  rate  of  circulation  of  the  water. 

Referring  to  Mr.  Roper's  paper,  there  is  one  point  in  joint 
operation  that  has  not  been  mentioned,  and  that  is,  in  actual 
operation  the  joint  begins  to  heat  on  the  center  line  of  the 
joint  and  gradually  heats  towards  the  outside,  and  when  it  cools 
it  reverses  the  process  and  the  result  is,  if  your  compound  is  too 
hard;  you  have  a  hard  shell  of  compound,  on  the  outside  of  the 
joint  and  compound  in  a  softer  condition  in  the  center.  You 
cannot  usp  compound  without  some  shrinking,  and  the  result  is 
you  are  apt  to  have  shrinkage  in  the  middle  of  the  joint  where 
you  do  not  want  it.  I  would  like  to  say  on  this  subject — I  do  not 
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know  whether  I  am  officially  right,  but  I  will  call  it  the  Torchio 
joint — I  will  say  that  this  is  really  the  first  clear  improvement  of 
a  joint  I  have  seen  that  I  was  willing  to  indorse. 

Referring  to  the  paper  by  Messrs.  Bang  and  Louis,  the  agree- 
ment is  rather  better  with  our  paper  than  would  be  indicated 
by  the  actual  figures.  They  do  not  state  in  the  paper  the  number 
of  cycles,  at  least,  I  did  not  notice  it,  but  I  did  notice  on  one  of 
their  drawings  they  had  25  cycles.  Our  measurements  were 
made  at  60  cycles,  and  therefore  we  would  expect  the  measure- 
ments to  run  higher  than  theirs,  but  taking  that  into  considera- 
tion, the  agreement  is  not  bad. 

In  regard  to  the  temperature  at  which  cables  can  be  operated 
in  connection  with  the  rules  formulated  by  the  Sub-Committee 
of  the  Standards  Committee,  of  which  Mr.  Fisher  was  chairman. 
I  will  say  that  I  fathered  it  as  much  as  any  one  else,  and  I  will 
take  the  responsibility  for  it.  I  did  not  know  then  what  I  do 
today,  and  one  of  the  reasons  that  these  experiments  were 
undertaken  was  to  substantiate  whether  the  principle  of  the  rule 
is  right  or  not,  and  I  believe  it  is  right.  Whether  the  actual 
numerical  values  are  right  or  not  is  another  question,  but 
assuming  we  had  taken  110  deg.  cent,  for  fibrous  insulation, 
which  Dr.  Steinmetz  and  Mr.  Lamme  proposed,  and  had  put  it 
into  the  rules,  and  all  the  gentlemen  who  are  operating  under- 
ground cables  had  followed  that  suggestion,  I  do  not  think  we 
would  have  received  thanks  from  anybody.  I  think  every- 
body would  have  had  trouble.  You  cannot  do  it,  that  is  all,  for 
the  average  cable.  Some  day  the  manufacturers  will  make  better 
cable,  and  we  will  be  able  to  push  the  operating  temperature 
up,  but  you  must  remember  that  a  hot  spot  on  a  cable  is  a  bad 
proposition. 

There  is  one  other  point — if  you  buy  a  motor  and  you  are  going 
to  run  the  windings  at  100  deg.  cent.,  and  if  that  motor  runs  ten 
years  without  burning  out  an  armature,  you  would  not  criticise 
the  manufacturer  very  severely;  provided  it  operated  all  the 
time  at  full  load.  But  how  many  of  you  gentlemen  are  prepared 
to  renew  cables  every  ten  years?  You  must  have  a  cable  de- 
preciation around  one  per  cent,  and  if  it  is  much  more  than  that, 
you  are  absolutely  against  it  from  a  financial  standpoint.  I 
believe  that  principle  of  the  rating  is  correct. 

To  answer  Mr.  Torchio's  questions  in  part,  until  you  get  up  to 
an  over  stressed  cable,  the  dielectric  loss  appears  to  be  pretty 
closely  proportional  to  the  square  of  the  voltage. 

With  regard  to  the  number  of  cycles,  we  have  a,s  yet  only 
made  tests  at  60  cycles,  we  have  been  about  a  year  and  a  half 
at  this,  and  have  spent  a  good  deal  of  money  on  these  tests. 

With  regard  to  the  accuracy  of  our  tests,  you  will  find  de- 
scribed in  the  paper  that  we  took  a  20-foot  length  of  cable  and 
tested  it,  and  then  cut  it  in  two,  in  the  middle,  and  duplicated 
the  results  on  the  halves.  That  test  was  made  at  my  suggestion, 
and  it  seems  to  me  it  is  a  pretty  clear  statement  as  to  the  ac- 
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curacy  of  the  methods  of  testing  used  by  Mr.  Shanklin,  who 
really  did  all  the  work. 

Then  a  word  on  Mr.  Whitehead's  comment.  We  have  given 
all  of  the  results  we  obtained.  Of  course,  they  are  open  to 
various  interpretations.  There  is  absolutely  a  free  field  for  that, 
and  we  have  tried  to  leave  that  field  free.  We  did  find  when  we 
bent  a  cable  a  good  many  times  and  tested  it  that  it  showed  a 
sharper  rise  in  the  curve  than  cable  which  had  not  been  mal- 
treated, but  whether  that  is  due  to  ionization  or  something  else, 
I  do  not  know.  That  is  merely  a  theory. 

I  want  to  defend  that  rule  on  another  point.  Mr.  Torchio 
spoke  of  tests  on  a  0000  cable  at  260  amperes.  With  the  105  deg. 
rise  which  the  Bang  and  Louis  paper  spoke  of,  I  think  the  current 
is  about  100  amperes.  How  in  the  world  could  a  Standards 
Committee  have  put  out  a  rule  for  the  carrying  capacity  of 
cables  that  would  equalize  such  data  ? 

One  other  thing  in  regard  to  Mr.  Torchio's  figures — while  I 
have  not  had  a  chance  to  compare  them,  his  cable  had  about 
10/32  or  11/32  in.  thickness  of  insulation,  and  worked  at  6600 
volts,  so  that  the  stress  per  32d  was  comparatively  low,  and 
naturally  you  get  very  low  power  factor  losses  there.  If  he  had 
pushed  up  his  voltage  stress  per  32d  as  it  is  pushed  up  in  the 
25,000- volt  cable  the  dielectric  losses  would,  of  course,  be  much 
more  important. 

Delafield  Du  Bois:  I  want  to  suggest  a  possible  explanation 
of  the  peculiar  curves  between  specific  resistance  and  voltage, 
as  brought  forth  in  the  Clark  and  Shanklin  paper,  and  discussed  in 
part  by  Mr.  Torchio.  We  know  that  in  oil,  moisture  can  exist  in 
two  forms,  either  in  condensed  form  and  globules,  or  in  an  ab- 
sorbed state,  exactly  the  same  as  moisture  exists  in  air,  either  in 
the  form  of  drops  or  globules,  or  as  absorbed  in  the  air.  In  the 
same  way,  whether  the  moisture  is  in  the  form  of  globules  or 
absorbed  moisture  depends  largely  on  the  temperature!  It 
would  seem  that  the  curves  at  25  deg.,  showing  a  great  falling  off 
of  resistance  with  increase  in  voltage,  were  due  to  the  presence 
of  this  moisture  in  the  insulation  or  oil  in  the  form  of  globules, 
and  as  the  oil  becomes  heated,  we  would  expect  that  phenomenon 
to  disappear,  as  the  water  was  absorbed  by  the  oil.  I  think  the 
phenomena  can  be  explained  in  that  way  without  resorting  to 
ionization,  or  at  least  ionization  may  have  some  effect,  but  the 
fact  that  the  moisture  is  absorbed  by  the  oil  as  the  cable  becomes 
hot  is  largely  responsible  for  the  shape  of  the  curve  shown  in  this 
paper. 

Edward  B.  Meyer:  Referring  particularly  to  Mr.  Roper's 
paper  on  high-tension  joints,  I  believe  that,  as  already  stated 
by  one  of  the  previous  speakers,  the  most  important  factor 
entering  into  the  making  of  a  satisfactory  joint  is  the  education 
of  the  splicer.  In  the  system  of  the  Public  Service  Electric 
Company  of  New  Jersey  we  have  quite  a  number  of  13,200-volt 
underground  cables  installed  by  our  own  men.    Some  four  or 
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five  years  ago  we  found  a  number  of  the  new  cables  installed 
failed  under  the  initial  high-potential  breakdown  test.  Analysis 
of  the  failures  developed  the  fact  that  most  of  the  failures 
occurred  in  the  splices  made  by  one  or  two  of  the  six  splicers 
who  had  worked  on  that  particular  installation.  We  then 
conducted  a  campaign  of  education  among  our  men,  and  after 
carefully  working  up  a  set  of  specifications  we  found  that  our 
joint-making  methods  were  considerably  improved  and  that  the 
failures  on  high-tension  joints  were  reduced.  It  seems  that  the 
importance  of  paying  attention  to  the  minute  details  in  the 
making  of  the  joint  does  not  receive  proper  consideration,  so 
that  it  is  necessary  to  properly  educate  the  men  before  you  can 
expect  to  obtain  good  results. 

Now,  then,  in  reference  to  the  heating  of  cables,  we  have  also 
experienced  some  trouble  from  that  source.  Last  year  on  account 
of  the  late  delivery  of  cables,  it  was  necessary  to  operate  some  of 
our  tie  feeders  at  almost  continuous  maximum  load,  thus  result- 
ing in  a  very  high  load  factor.  After  two  or  three  days  of  con- 
tinuous operation,  the  cables  failed.  The  cables  were  found  to 
fail  at  loads  very  much  binder  the  normal  rating  of  the  cable. 
In  the  case  of  the  350,000-cir.  mils  three-conductor  cables,  our 
normal  rating  is  300  amperes,  whereas  the  tie  feeders  failed  in 
some  cases  with  a  load  under  200  amperes.  Radial  feeders  in 
the  same  conduit  line  and  in  ducts  adjacent  to  the  cables  which 
failed  carried  300  amperes  and  their  load  factor  was  considerably 
less,  with  the  result  that  they  did  not  fail.  We  made  a  change  in 
our  system  by  operating  some  of  the  smaller  generator  units 
in  such  a  way  that  the  load  factor  of  the  cables  was  reduced, 
resulting  in  less  interruptions  to  our  service,  owing  to  the  fact 
that  the  cable  temperatures  were  maintained  within  reasonable 
limits.  With  the  high  load  factors  the  sheath  temperatures  in 
some  cases  went  as  high  as  150  deg.  fahr.  resulting  in  failure. 
Recently  we  again  discovered  some  trouble  on  the  same  line, 
and  investigation  showed  that  a  steam  main  crossed  our  duct 
line,  and  since  this  condition  has  been  taken  care  of  the  cable 
failures  have  ceased. 

John  L.  Harper:  Mr.  Roper  has  asked  a  question  regarding 
the  voltage  and  power  factor  in  the  cable  system  to  which  my 
paper  referred.  The  working  voltage  was  12,000  volts,  and  the 
particular  line  that  I  had  reference  to,  where  we  tried  out  this 
method,  had  about  85  per  cent  power  factor. 

Mr.  Roper's  remarks  in  regard  to  the  submerging  of  the  cables 
leads  me  to  believe  that  most  engineers  have  felt  about  the  sub- 
merging of  the  cable  much  as  one  feels  toward  the  method  of 
taking  a  bath  by  falling  off  a  dock  rather  than  having  a  shower 
bath,  or  preferably  by  the  prepared  tub  method.  We  have  all 
had  bad  experiences  with  cable  ducts  being  submerged  and  then 
trying  to  get  the  water  out — we  have  had  to  pump  out  miles  of 
it,  and  a  considerable  part  of  our  time  has  been  spent  in  getting 
our  conduit  systems  properly  drained  so  that  they  would  be  dry. 
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In  our  particular  system  at  Niagara  Falls  all  of  our  manholes 
are  drained  to  the  sewers,  and  in  preparing  for  submerging  the 
cables  we  have  arranged  stoppers  in  the  drains  from  the  manhole 
to  the  sewer,  so  that  by  pulling  out  a  few  of  these  stoppers  the 
whole  system  can  be  drained  quickly.  The  conduit  would  not 
dry  out  quickly  enough  to  make  a  short  interruption  in  the 
watering  effective  in  heating  the  cable.  We  also  found  spots 
where  the  conduit  will  not  hold  water,  for  instance,  where  it  has 
been  built  through  rock,  and  the  concrete  surrounding  the  ducts 
is  so  porous,  that  the  water  seeps  out  through  the  rock  and 
down  through  the  sewers.  Under  those  circumstances,  we  have 
arranged  a  spray  beside  the  cable  at  the  end  of  the  duct,  and 
found  in  taking  up  the  center  of  a  500-ft.  line  that  the  conduits 
were  quite  damp  in  there,  and  that  the  humid  atmosphere  carried 
away  the  heat  even  if  the  water  did  not  go  clear  through. 

In  regard  to  Mr.  Clark's  remarks  on  the  deterioration,  from 
air  and  water  of  the  lead  sheath  surrounding  the  cables,  in  our 
city  they  require  all  permanent  service  water  pipes  put  under 
pavement  to  be  made  of  lead,  so  that  I  believe  we  will  not  find 
any  immediate  difficulty  from  the  lead  sheathing  oxidizing  or 
deteriorating. 

I  would  be  very  glad  to  hear  further  discussion  as  to  the 
probable  life  of  underground  cables.  Engineers  who  have  had 
to  get  out  plans  for  financing  the  construction  of  conduit  lines, 
or  the  writing  off  of  underground  cables,  determining  amortiza- 
tion factors  for  the  conduits  and  cable  systems,  etc.,  never  have 
hesitated  to  place  the  time  required  for  replacing  an  ordinary 
cable  at  fifteen  years,  although  I  have  personally  had  cables 
in  operation  longer  than  that  time,  and  they  seem  to  be  in  good 
condition  yet. 

One  of  the  later  speakers  made  some  comments  in  regard  to 
the  time  required  for  making  joints.  In  our  experience  at 
Niagara  Falls,  we  find  that  it  is  better  not  to  hurry  the  cable 
splicers  too  much,  as  the  perspiration  is  liable  to  run  off  of  their 
foreheads  and  get  into  the  joint,  and  it  sometimes  makes  a  lot 
of  new  work  necessary. 

Also  about  the  educating  of  the  cable  splicers.  There  is  a 
peculiar  adaptation  of  the  principle  of  education,  applicable 
only  to  Niagara  Falls.  Of  course,  Niagara  Falls  is  the  center  of 
the  universe  as  to  electrochemical  work  and  nearly  all  electro- 
chemical processes  have  some  refuse.  The  easiest  way  to  get  rid 
of  this  refuse  is  to  dump  it  into  the  sewer.  Our  manholes  draining 
to  the  sewer  have  at  certain  times  become  saturated  with  a 
compound  known  as  chlor-benzol,  one  of  the  heavy  gases  from 
munition  works;  and  a  cable  splicer  going  into  a  manhole  gets 
his  lungs  full  of  this  gas  and  reaches  the  condition  that  one  would 
expect  to  be  in  when  he  had  ten  cocktails.  If  there  is  any  educa- 
tion that  we  can  give  a  cable  splicer  in  how  to  avoid  the  effects 
which  will  persist  from  chlor-benzol,  we  will  be  glad  to  find  it  out. 

Comfort  A.  Adams:    In  Mr.  Roper's  paper,  referring  to  cable- 

* "t  filling  compound  he  says:  "It  should  have  sufficient  dielec- 
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trie  strength  for  the  purpose,  which  strength  should  not  be 
materially  reduced  at  the  maximum  operating  temperature  of 
the  cable.' '  I  wish  to  contribute  a  little  information  as  to  the 
behavior  of  some  of  these  filling  compounds  at  low  temperatures. 

A  couple  of  years  ago  when  investigating  the  behavior  of  a 
filling  compound  made  up  of  rosin  oil  and  vaseline  used  in  the 
joints  of  an  English  cable  supplied  to  one  of  our  large  public 
service  corporations,  I  found  that  failures  occurred  more  often 
at  low  temperatures  than  at  high  temperatures.  I  took  a  sample 
of  this  compound  and  tested  it  in  the  laboratory  At  temper- 
atures within  the  range  of  the  observations  recorded  in  the 
papers  under  discussion,  the  compound  behaved  satisfactorily; 
that  is,  it  had  a  high  dielectric  strength  and  gave  no  trouble. 
A  thickness  of  this  compound  which  withstood  40,000  to  45,000 
volts  over  a  wide  range  of  temperatures  above  15  deg.  cent, 
being  quite  as  good  at  high  temperatures  as  at  the  lower  ones, 
when  subjected  to  such  temperatures  as  exist  in  the  earth  in 
the  winter  time,  in  the  vicinity  of  the  freezing  point,  broke  down 
after  being  subjected  to  14,000  volts  for  45  minutes. 

Reference  is  made  in  the  paper  by  Clark  and  Shanklin  to  the 
change  of  constitution,  the  stability,  as  it  were,  of  the  compound. 
In  the  case  cited  above  there  appears  to  be  a  distinct  change  of 
constitution  of  the  compound,  and  not  so  much  a  chemical  as  a 
molecular  or  mechanical  change.  For  example,  in  a  cable  joint 
filled  with  this  compound,  we  found  that  after  it  had  been  sub- 
jected to  high  electrical  stresses  for  a  considerable  period  at  low 
temperatures,  the  compound,  instead  of  having  a  buttery  or 
wax-like  structure,  had  a  very  distinctly  granular  structure, 
which  was  preliminary  to  failure.  Thus  there  are  cases  in  which 
the  low  temperatures  are  most  to  be  feared. 

Referring  to  the  paper  of  Messrs.  Bang  and  Louis,  I  wish  to 
add  a  little  to  my  question  in  regard  to  the  method  of  measuring 
the  dielectric  losses  and  to  support  what  Mr.  Robinson  said  in 
regard  to  the  probable  errors.  I  feel  quite  confident  that  these 
errors  are  of  sufficient  magnitude  to  affect  the  results  materially. 

Referring  to  the  subject  of  ionization  and  internal  corona, 
there  are  a  few  experimental  facts  which  have  come  to  my  atten- 
tion which  may  be  of  interest.  First,  in  connection  with  rubber- 
covered  stranded  cables.  Where  the  rubber  is  pressed  in  be- 
tween the  strands  it  does  not  always  penetrate  much  below  the 
outer  circle  of  the  conductors,  thus  leaving  little  V-shaped  air 
sections.  Where  the  rubber  bends  away  from  the  copper  strands 
there  is  sometimes  a  sufficient  voltage  gradient  to  cause  corona. 
The  effect  upon  the  rubber  compound  is  to  produce  what  appears 
to  be  cuts  transverse  to  the  axis  of  the  wire.  Sometimes  the 
cuts  are  close  together  and  sometimes  far  apart.  Sometimes 
they  are  located  in  groups  more  or  less  widely  separated;  but  in 
every  case  they  occur  along  the  line  where  the  rubber  bends 
away  from  the  copper,  i.e.,  where  there  is  a  high  gradient  in  air. 
The  cuts  are  not  ordinarily  visible  to  the  naked  eye  until  the 
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rubber  sheath  is  bent  backwards  so  as  to  open  the  cuts  The 
depth  of  the  cuts  is  a  function  of  the  voltage  and  of  the  time, 
e.g.  a  cable  which  failed  under  a  quick  rise  test  at  about  65,000 
volts  failed  in  45  minutes  at  10,000  volts.  Samples  cut  off 
from  the  test  piece  in  the  long  time  test  at  various  stages  showed 
a  progressive  deepening  of  the  cuts,  even  to  a  depth  equal  to 
three-fourths  or  more  of  the  wall  thickness,  before  failure  oc- 
curred. 

The  same  wall  of  insulation,  made  of  the  same  material  but 
squeezed  further  into  the  V's  between  the  strands  withstood  a 
long  time  test  of  25,000  volts  without  corona  cutting,  because 
the  point  at  which  the  rubber  bent  away  from  the  copper  was 
so  far  down  in  the  V  as  to  reduce  the  gradient  in  the  air  below 
the  corona  point. 

In  many  cases  where  the  between-strand  penetration  was  on 
the  whole  good,  corona  cutting  and  failures  were  almost  always 
traceable  to  locally  defective  penetration,  or  to  air  spaces  due 
to  the  buckling  of  the  wall  away  from  the  copper.  In  other 
words  failures  occur  in  nearly  every  case  as  a  result  of  internal 
corona  in  air  spaces  when  the  maximum  gradient  in  the  rubber 
compound  itself  is  considerably  below  its  dielectric  strength. 

Although  this  corona  cutting  in  the  rubber  compound  appears 
to  the  naked  eye  as  clean  knife-like  cuts,  examination  with  a 
microscope  shows  the  walls  of  the  cuts  to  be  burned  or  fused, 
the  appearance  resembling  that  of  furnace  slag  on  a  small  scale. 

With  paper-covered  cables  there  are  also  occasional  signs  of 
internal  corona  although  its  effect  is  different  owing  to  the 
different  nature  of  the  dielectric.  The  evidence  is  also  more 
rare  since  the  whole  cable  is  ordinarily  pretty  thoroughly  im- 
pregnated under  vacuum,  so  that  in  the  perfect  cable  there  are 
no  air  spaces.  However,  the  examination  of  a  paper  cable 
after  failure  frequently  reveals  dry  insulation,  i.e.  imperfect 
impregnation  in  the  region  of  the  fault. 

It  is  practically  impossible  *to  make  up  a  cable  joint  without 
some  such  air  spaces.  This  is  undoubtedly  the  reason  for  the 
relatively  large  number  of  failures  in  joints  in  spite  of  the  fact 
that  the  total  thickness  of  insulation  is  greater  there  than  in 
the  cable  itself. 

What  happens  within  a  joint  or  cable  during  a  high-voltage 
test  is  of  great  interest  and  of  practical  importance.  Some 
light  was  thrown  on  this  subject  by  some  rather  elaborate  tests 
on  25,000-volt  cable  joints  made  for  one  of  our  large  public 
service  electric  companies  a  year  or  two  ago.  During  these 
tests  we  listened  carefully  to  the  sounds  within  the  joint  either 
by  placing  the  ear  directly  on  the  joint  casing,  or  through  the 
medium  of  a  stethoscope. 

When  the  voltage  reached  about  15,000  there  commenced  a 
gentle  "sizzling"  sound  as  of  a  light  brush  discharge  With 
increase  of  voltage,  this  sound  gradually  increased  without 
changing  its  general  character.    When  the  voltage  reached  a 
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certain  point  (from  35,000  to  70,000  depending  upon  the  joint) 
a  new  sound,  which  we  called  "spitting,"  developed.  This 
spitting  was  intermittent  and  at  irregular  and  sometimes  con- 
siderable intervals.  It  sounds  very  much  like  a  breakdown  of 
the  insulation  with  a  quick  reestablishment  thereof.  In  fact  in 
joints  where  the  chief  insulation  consists  of  a  semi-liquid  filler 
compound,  these  spits  are  actual  failures  which  heal  themselves 
when  the  alternating  short-circuit  current  passes  through  its 
zero  value,  as  shown  by  oscillograms.  But  in  the  case  of  paper 
wrapped  joints,  impregnated,  the  spits  involved  only  a  partial 
failure.  The  inner  layers  of  paper  were  punctured,  the  dis- 
charge then  spread  along  the  joint  between  adjacent  layers  of 
paper  and  was  apparently  carried  as  a  very  high-frequency  dis- 
placement current  through  the  outer  layers  of  paper  over  a 
comparatively  large  area,  as  there  was  no  evidence  whatever  of 
a  puncture  of  the  outer  layers.  After  the  spit  the  puncture  of 
the  inner  layers  was  apparently  healed  by  the  melted  impreg- 
nating compound. 

These  spits  were  such  as  to  be  very  noticeable  to  a  trained 
observer,  but  not  to  the  ordinary  tester  stationed  at  the  switch- 
board some  distance  from  the  test  sample,  and  not  at  all  in  the 
case  of  the  test  of  a  cable  laid  in  the  ground  unless  some  special 
device  is  employed  for  this  purpose. 

Even  when  no  spits  occur  it  is  altogether  probable  that  internal 
corona  or  other  unobtrusive  discharges  will  in  time  gradually 
weaken  the  insulation  to  the  breakdown  point  whenever  there 
are  air  spaces  or  voids  subjected  to  sufficiently  high  stresses. 

The  moral  of  all  this  is  that  our  present  methods  of  testing 
high-voltage  apparatus  in  some  cases  partially  destroys  the 
insulation  without  actual  failure  of  the  ordinarily  detectable 
sort. 

In  some  cases  our  test  specifications  are  at  fault  and  in  some 
cases  the  test  methods  are. defective. 

D.  W.  Roper:  It  is  very  interesting  to  note  that  Messrs. 
Clark  and  Shanklin  have  determined  from  their  experi- 
ments that  they  can  distinguish  between  a  good  cable 
and  a  poor  cable  by  some  measurements  on  a  short  length 
of  the  cable.  It  is  perhaps  somewhat  discouraging  when  you 
go  into  the  detail  to  find  out  that  they  tell  the  difference  by 
reading  the  power  factor  of  the  charging  current  when  you 
apply  high-pressure  testing  current  to  the  cable,  and  then  to 
learn  in  another  portion  of  the  paper  that  there  is  only  one 
instrument  in  the  country  that  can  make  these  measurements 
properly.  We  hope  they  will  continue  their  work  until  they 
devise  some  method  of  discriminating  between  good  and  bad 
cables  that  is  available  to  some  of  the  other  members  of  the 
profession. 

The  question  was  raised  regarding  the  life  of  underground 
cables.  In  Chicago  there  was  installed  about  twenty  years  ago 
some  00  three-conductor  paper-insulated  cable  on  9000  volts, 
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and  operated  on  that  pressure  up  to  about  three  or  four  years 
ago,  at  which  time  its  use  was  discontinued  when  we  abandoned 
the  Harrison  Street  station.  During  the  past  winter  this  cable 
was  pulled  out  of  the  conduit,  installed  at  another  location  and 
again  put  in  service  on  12,000  volts.  It  has  been  in  service  for 
a  number  of  months  without  any  trouble.  That  may  give  some 
clue  as  to  the  life  of  high-tension  cable. 

Some  question  has  arisen  regarding  the  accuracy  of  the  measure- 
ments given  in  the  paper  by  Messrs.  Bang  and  Louis.  It  may 
be  of  interest  to  know  that  the  results  which  they  give  were 
confirmed  by  some  tests  which  we  made  two  years  ago  in  an 
entirely  different  way.  The  tests  were  made  by  heating  up  a 
length  of  cable  with  inverted  current  transformers,  so  that  we 
could  at  the  same  time  apply  normal  working  pressure  to  the 
cable  by  means  of  potential  transformers  which  were  also  work- 
ing inverted.  The  conductor  temperature  was  measured  by 
means  of  thermopiles  soldered  directly  on  to  the  conductors  and 
brought  out  through  small  holes  in  the  lead,  which  were  pro- 
tected by  means  of  a  little  oil  cup,  a  homemade  affair,  to  prevent 
breakdown  at  that  point.  Although  the  results  we  obtained  are 
not  exactly  the  same  as  submitted  by  Messrs.  Bang  and  Louis, 
the  results  are  very  similar,  and  show  the  marked  difference  in 
the  temperature  of  the  conductor  due  to  the  different  kinds  of 
insulating  materials. 

Claude  N.  Rakestraw:  In  the  fifth  paragraph  of  Mr.  Harper's 
paper,  he  says,  "Assuming  cables  to  be  made  of  good  material 
and  with  good  workmanship  and  design,  I  venture  to  propose 
the  following  as  the  fundamental  causes  of  failure,  viz:  Joint 
troubles,  mechanical  injury  to  lead  sheaths,  and  overheating." 
It  seems  to  me  that  he  has  eliminated  from  consideration  one 
•  of  the  most  important  causes  of  failure,  and  that  is  the  electro- 
lytic failure.  Trouble  with  electrolysis  is  one  thing  which  the 
operating  engineer  always  has  to  fight  in  the  large  cities,  and  is 
one  of  the  most  difficult  troubles  to  overcome  of  those  which 
he  encounters.  Perhaps  Mr.  Harper  intends  to  include  electro- 
lytic troubles  under  the  term  "mechanical  injury  to  lead  sheaths". 
In  any  event  it  would  seem  that  in  regions  where  electrolytic 
injury  of  the  lead  sheath  is  present,  or  apt  to  be  present,  the 
submerging  of  cables  in  water  is  apt  to  accentuate  the  trouble, 
and  not  only  to  aid  in  the  destruction  of  the  sheath,  but  once 
an  opening  has  been  made  in  the  sheath  to  admit  the  water 
that  will  complete  the  destruction  of  the  cable.  That  is  one 
point  which  the  paper  has  not  taken  into  consideration. 

Mr.  Roper  says :  1 1  It  is  probable  that  no  two  operating  compan- 
ies use  the  same  methods  and  materials  in  making  up  their  20,000- 
volt  cable  joints."  That  is  undoubtedly  true,  and  I  would  make 
the  suggestion  that  the  Committee  on  Transmission  and  Dis- 
tribution might  well  arrange  some  kind  of  a  symposium  asking 
4ous  operating  men  in  the  various  cities  of  the  country 
brief  description  of  the  kinds  of  joints  they  make,  the 
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materials  they  use,  the  failures  they  encounter,  etc.  If  such 
a  suggestion  is  well  thought  of,  such  a  symposium  could  be  ar- 
ranged, and  I  think  it  would  provide  a  mass  of  data  which 
wGuld  be  of  great  assistance  to  all  of  the  operating  engineers. 

H.  E.  Weightman  (by  letter) :  I  do  not  believe  it  is  advisable 
to  use  water  in  the  ducts  to  keep  the  cables  cool  as  has  been 
suggested,  on  account  of  the  possible  effect  of  electrolytic  cor- 
rosion due  to  a  lowering  of  the  specific  earth  resistance  on  the 
application  of  water. 

Further,  it  would  tend  to  increase  the  life  hazard  in  testing  or 
repairing  in  cable  manholes  with  any  of  the  cables  live  and  it 
is  not  always  possible  to  kill  all  circuits  in  a  manhole  when 
repairing  one. 

It  seems  to  me  that  larger  ducts,  say  six  inches  (15  cm.) 
diameter  and  ventilated  manholes  would  help  solve  the  problem. 
If  duct  runs  are  too  long  for  good  ventilation  why  not  run 
small  vertical  risers  to  the  surface  at  intervals  to  help  air  cir- 
culation. These  risers  could  be  located  at  the  summit  between 
manholes. 

P.  H.  Chase  (communicated  after  adjournment) :  The  papers 
by  Messrs.  Bang  and  Louis  and  by  Messrs.  Clark  and  Shanklin 
do  not  state  whether  the  conductors  were  round  or  sector  shape. 
I  beliesve  that  some  valuable  information  might  be  obtained 
from  comparative  tests  on  cables  of  round  and  sector-type  con- 
ductor. These  would  show  the  difference  in  dielectric  losses 
between  the  two  shapes  of  conductor,  which  is  to  be  expected 
from  theoretical  considerations,  for  it  is  evident  that  with  a 
sector  type  of  conductor,  there  is  a  very  material  concentration 
of  stress  at  the  points  of  relatively  sharp  curvature.  This  con- 
centration cannot  exist  to  as  great  an  extent  with  round  con- 
ductors. Consequently  there  must  be  increased  dielectric 
losses  and  higher  temperatures  at  these  points.  The  cable 
therefore  is  comparatively  weak  at  these  points,  a  factor  of 
greater  importance,  the  higher  the  voltage. 

Though  exact  data  are  at  present  lacking,  it  has  appeared 
from  the  experience  of  one  operating  company  that  the  failures 
on  the  cables  having  sector  conductors  have  developed  more  as 
short  circuits  between  conductors  rather  than  as  faults  to  ground, 
which  seems  to  point  toward  insulation  weakness  between  con- 
ductors. I  mention  this  point  in  order,  if  possible,  to  bring  out 
any  experience  of  other  operating  companies  along  the  same 
lines,  which  indicates  a  relative  increase  in  failures  of  cables 
with  sector  conductors,  compared  with  cables  having  round 
conductors.  Of  course,  some  weight  must  be  given  to  the  fact 
that  cables  with  sector  conductors  have  a  greater  heat  loss  per 
foot  with  a  less  than  proportionate  increase  in  outside  surface, 
and  also  that  duct  lines  in  the  past  few  years  have  tended  to 
become  more  and  more  congested  with  a  resulting  increase  in 
the  operating  temperature  of  the  cables;  but  on  the  other  hand, 
it  is  to  be  expected  that  the  insulation  on  the  earlier  cables  had 
deteriorated  and  therefore  would  be  more  liable  to  failure. 
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dinary  cable  except  that  though  it  was  thoroughly  dried,  it  was 
not  saturated  with  insulating  material  of  any  description  but 
was  lead  covered  immediately  after  removing  from  the  drying 
oven.  Dielectric-loss  tests  were  made  upon  this  cable.  It  was 
found  that  the  losses  at  all  temperatures  were  extremely  low  and 
particularly  was  it  noticeable  that  the  effect  of  increase  in  tem- 
perature was  extremely  small.  Even  at  a  temperature  in  excess 
of  100  deg.  cent.,  the  loss  at  13,000  volts  60  cycles  3  phase  was 
less  than  0.1  watt  per  foot.  Other  very  interesting  data  were 
obtained,  but  this  serves  for  illustration.  It  is  obvious  that 
such  a  cable  would  be  actually  used  only  in  some  condition 
where  dielectric  losses  are  of  more  importance  than  any  con- 
dition ever  likely  to  exist  in  practise.  Moreover,  it  is  obvious 
that  the  fact  that  this  cable  is  capable  of  withstanding  certain 
extreme  conditions  which  would  not  be  withstood  by  other  types 
of  cables,  is  no  evidence  of  its  superior  qualities  for  practical 
purposes. 

There  seems  to  have  been  some  consideration  of  the  use  of 
high-voltage  cables  at  excessive  temperatures.  There  are  a 
very  great  many  more  considerations  involved  in  the  use  of 
high-tension  cables  at  excessive  temperatures  than  the  mere 
question  of  dielectric  loss  of  the  cable  at  time  of  manufacture  or 
installation.  One  comparatively  obvious  consideration  will  be 
discussed.  Starting  with  the  assumption  that  the  cable,  as 
manufactured,  is  thoroughly  filled  with  compound,  and  is  in- 
stalled in  such  a  way  that  no  compound  is  lost,  nor  has  oppor- 
tunity to  escape  in  service,  the  question  arises  as  to  what  will 
happen  when  the  cable  is  heated  and  the  compound  expands. 
The  answer  is  that  the  pressure  of  the  expanding  compound  will 
permanently  stretch  the  lead  sheath.  When  the  cable  cools 
obviously  its  condition  is  different  than  before,  and  will  con- 
tinue to  change  as  the  compound  gradually  drains  toward  the 
lower  portions  of  the  length  of  cable,  particularly  in  those  lengths 
which  are  installed  on  a  hillside.  Means  have  been  proposed 
for  providing  for  this  expansion  and  contraction  of  the  cable 
compound.  C.  W.  Davis  has  suggested  the  use  of  expansion 
chambers  at  the  joints,  so  designed  that  when  the  cable  cools 
the  original  compound  is  forced  back  into  the  cable.  As  the 
writer  understands,  in  the  test  by  Messrs.  Clark  and  Shanklin, 
their  test  specimens  were  subjected  to  the  various  heat  cycles 
with  both  ends  submerged  under  oil.  If  any  of  the  insulating 
material  is  expelled  by  the  expansion  due  to  heating,  its  place 
will  be  taken  by  the  influx  of  the  oil  under  which  the  ends  were 
submerged,  when  the  cable  cools. 

We  have  tested  a  piece  of  cable  and  found  it  to  show  no  greater 
effect  from  heat  cycles  than  the  cables  tested  by  Messrs.  Clark 
and  Shanklin  when  tested  with  the  ends  submerged  in  oil. 
We  have  then  taken  the  same  cable  and  have  subjected  it  to  a 
heat  cycle  with  a  maximum  temperature  of  130  deg.  cent.  The 
ends  of  the  cable  were,  however,  treated  differently;  they  were 
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sealed  by  pouring  around  them  in  a  paper  cone,  a  high  melting 
point  resinous  material,  completely  covering  the  conductors. 
However,  during  the  heating  of  the  cable,  a  considerable  amount 
of  the  insulating  compound — a  mineral  oil  by  the  way — was 
forced  from  the  ends  due  to  its  expansion.  We  give  below  a 
short  table  showing  the  effect  of  the  removal  of  the  compound, 
upon  the  single-phase  power  factor,  these  tests  being  made  at 
room  temperature . 

Kilovolts   5     10     15       20      25  30 
Power  factor  before  heating  0.8    0.8    1.2    2.25     3.8  6.3 
"     after  heating..  0.8    0.8    1.3    9.5     19.4  22.0 

The  problem  of  dielectric  losses  is  a  broad  and  important  one. 
It  must  be  considered  with  due  regard  to  its  place  as  one  of 
the  many  problems  of  dielectric  characteristics. 

H.  W.  Fisher  (communicated  after  adjournment) :  There  is  so 
great  a  variety  of  vegetable  and  mineral  oils  and  compounds  that 
at  the  present  time  it  would  be  impossible  for  any  one  to  state 
definitely  whether  all  mineral  or  all  vegetable  compounds  would 
be  the  most  satisfactory  for  high-voltage  cable  purposes.  It  is 
the  opinion  of  the  writer  that  the  best  results  may  be  obtained 
by  the  proper  combination  of  one  or  more  kinds  of  vegetable  and 
mineral  oils. 

Low  dielectric  loss  is  not  the  only  consideration.  Mr.  Atkin- 
son has  shown  in  his  discussion  that  a  cable  made  with  perfectly 
dry  paper  has  a  lower  dielectric  loss  than  almost  any  other  type 
of  cable  and  yet  no  one  would  want  to  use  such  a  cable  for  high- 
voltage  transmission.  In  our  experimental  department  we  have 
made  cables,  with  certain  mineral  compounds,  which  had  re- 
markably low  dielectric  loss  and  yet  the  cable  would  not  have 
been  suitable  for  practical  operation  because  the  compound 
was  so  fluid  that  it  would  be  certain  to  flow  from  high  to  low 
points  after  such  a  cable  was  put  in  service. 

The  lead  of  a  cable  is  unavoidably  stretched  during  the  process 
of  installation  and  hence  there  are  places  into  which  compound 
can  gradually  flow  if  said  compound  does  not  have  sufficient 
viscosity  at  high  temperature.  The  viscosity  of  cable  compounds 
therefore  is  something  that  must  not  be  overlooked. 

The  real  test  of  a  cable  is  the  length  of  its  life  under  ordinary 
working  conditions.  Therefore  any  conservative  manufacturer 
is  slow  to  adopt  a  new  compound  until  he  has  reasonable  evidence 
that  cable  saturated  with  said  compound  will  have  a  long  life 
under  the  usual  conditions  occurring  in  practise. 

At  one  time  the  writer  helped  to  develop  a  compound  which 
had  remarkably  low  dielectric  losses  at  high  temperatures. 
Cables  saturated  with  this  compound  showed  equally  low 
dielectric  losses,  but  when  samples  of  the  cable  were  subjected 
to  13,000  to  15,000  volts,  under  temperatures  occurring  in 
practise,  the  cables  finally  broke  down  and  an  examination 
revealed  the  fact  that  owing  to  the  fluidity  of  the  compound  at 
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In  the  paper  by  Messrs.  Clark  and  Shanklin,  reference  is  made  % 
to  a  type  of  3-conductor  cable  described  by  Mr.  Hochstadter, 
which  has  a  thin  sheath  over  each  conductor,  and  the  belt  insu- 
lation is  eliminated.  I  would  like  to  know  if  any  members  have 
had  any  experience  with  this  type  of  construction,  particularly 
on  higher  voltage  work. 

R.  W.  Atkinson  (communicated  after  adjournment):  The 
study  and  thorough  knowledge  of  the  problems  of  dielectric 
losses  in  high-tension  cables  are  of  two  fold  importance.  Most 
obvious  is  the  direct  effect  of  these  losses  upon  temperatures 
and  upon  current  rating.  A  far  greater  amount  of  data  are 
required  to  throw  light  on  the  problems  which  concern  the  life 
of  a  cable  and  the  permanency  of  its  original  properties. 

A  very  brief  description  of  a  method  of  measurement  which 
has  been  used  very  successfully  by  the  writer  during  the  past 
several  years  is  in  order.  The  instrument  itself  is  a  reflecting 
dynamometer.  The  fixed  coils  of  the  instrument  are  connected 
in  series  with  a  non-inductive  resistance  shunted  across  the  test 
specimen.  The  moving  coils,  two  coils  arranged  astatically, 
are  connected  in  series  with  the  specimen  under  test.  An 
arrangement  of  shunts  makes  it  possible  to  adjust  the  instrument 
to  take  care  of  any  specimen  from  the  smallest  to  one  taking  a 
charging  current  of  several  amperes.  By  an  arrangement  of 
switches,  the  same  instrument  is  used  as  an  ammeter  to  measure 
the  charging  current  of  the  specimen.  There  are  certain  small 
residual  errors  in  phase  angle  of  the  different  parts  of  the  circuit; 
these  have  been  measured  and  calculated  and  compensation  has 
been  made  for  them.  Of  late,  the  apparatus  has  been  used  with 
special  voltmeter  coils  so  as  to  avoid  the  necessity  of  high- 
resistance  multipliers  for  the  shunt  coils  of  the  wattmeter.  The 
phase-angle  errors  which  would  otherwise  exist  due  to  reactance 
of  the  voltmeter  coils  have  been  compensated  by  comparison 
between  measurements  by  this  method  and  by  the  older  one. 

The  same  apparatus  has  been  used  for  measurements  of  energy 
loss  with  three-phase  voltage  applied  to  three-conductor  cables. 
An  arrangement  of  switches  makes  it  possible  to  connect  the 
single-phase  wattmeter  successively  from  one  phase  to  another, 
the  instrument  and  switches  being  at  all  times  near  ground 
potential. 

The  writer  has  been  very  much  interested  in  calculation  of 
three-phase  losses  from  single-phase  measurements,  as  outlined 
in  the  paper  by  Messrs.  Clark  and  Shanklin.  In  some  cases, 
the  agreement  between  three-phase  power  factor  as  calculated 
from  single-phase  measurements  by  the  methods  outlined  by 
them,  and  the  actual  measured  power  factors,  is  very  satisfac- 
tory. In  other  cases,  the  disagreement  is  very  considerable, 
in  some  cases  being  such  that  the  single-phase  results  themselves 
show  the  method  of  calculation  to  be  not  applicable.  This 
latter  condition  occurred  where  the  voltages  on  specimens  with 
insulation  thickness  less  than  that  of  the  three-conductor  cable 
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on  which  the  three-phase  calculations  were  made  by  the  authors, 
were  carried  as  high  or  higher  than  the  25  kilovolts  used  by  the 
authors.  In  some  instances,  the  quantity  W*  became  negative. 
Of  course  this  extreme  result  can  be  explained  in  a  measure  by 
consideration  of  the  fact  of  the  different  magnitudes  of  the 
stresses  in  portions  of  the  cable  as  mentioned  by  the  authors. 
The  point  is  raised,  however,  that  it  is  not  allowable  in  general 
to  calculate  three-phase  losses  as  suggested  in  the  paper,  without 
full  knowledge  of  similar  cable  actually  tested  under  three-phase 
conditions. 

The  writer  has  made  a  great  many  comparisons  between 
the  three-phase  power  factor  and  the  power  factor  of  a  differ- 
ent single-phase  test.  This  single-phase  test  consists  in  ap- 
plying voltage  to  two  of  the  conductors  of  a  three-conductor 
cable,  the  third  conductor  being  connected  to  the  sheath  and  to 
the  grounded  middle  point  of  the  transformer,  the  conductor 
under  test  being  connected  to  the  two  extreme  terminals.  For 
convenience,  and  by  analogy  with  telephone  cable  testing,  we 
have  called  this  single-phase  test  a  "mutual"  test.  There  is 
always  some  little  difference  between  the  three-phase  power 
factor  and  the  mutual  power  factor,  but  we  have  found  the  two 
fairly  well  comparable  under  a  wide  variety  of  conditions.  The 
simpler  single-phase  measurements  will,  however,  continue  to  be 
extremely  useful  on  account  of  their  very  much  greater  conven- 
ience, for  comparison  of  specimens  actually  closely  similar  and 
for  general  comparison  of  even  quite  different  specimens. 

Extremely  valuable  data  in  the  study  of  dielectric  losses  are 
the  variation  of  these  losses  with  frequency.  The  writer  has  made 
measurements  of  dielectric  losses  of  a  good  many  specimens  on 
both  25  cycles  and  60  cycles.  The  loss  at  25  cycles  is  always 
somewhat  less  than  the  loss  at  60  cycles  and,  in  some  cases,  is 
lower  in  almost  direct  ratio  with  the  frequency.  In  other  cases, 
there  is  little  difference  between  the  losses  at  the  two  frequen- 
cies. In  general  the  losses  at  one  frequency  cannot  be  stated  in 
terms  of  the  losses  at  the  other  and  it  is  hard  to  make  any  specific 
general  statements  regarding  the  relation  between  the  losses  at 
the  two  frequencies.  The  tendency  is  for  the  losses  at  the  two 
frequencies  to  be  relatively  closer  together  at  high  temperatures 
than  at  low  temperatures.  Where  there  is  a  considerable  in- 
crease of  power  factor  with  voltage  increase,  the  tendency  is 
for  a  greater  difference  between  the  losses  at  the  two  frequencies 
to  occur  at  the  higher  voltages. 

In  order  to  show  how  extremely  satisfactory  dielectric  loss 
characteristics  may  be  combined  with  other  obviously  unsatis- 
factory general  characteristics,  the  writer  had  prepared  a  sample 
of  3-conductor  cable  consisting  of  3  conductors  No.  0000  B.  &  S.G. 
insulated  with  8/32  in.  (6.3  mm.)  dry  paper  around  each  conduc- 
tor, the  whole  being  laid  up  with  filler  and  cabled  and  then  covered 
with  a  "belt"  insulation  of  2/32  in.  (0.794  mm.)  of  paper.  This 
cable  was  made  up  in  all  particulars  in  the  same  way  as  an  or- 
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In  the  early  days  of  high-voltage  cable  practise,  the  company 
with  which  I  am  connected  made  joints  using  very  soft  oily 
filling  compounds.  These  compounds  have  many  advantages, 
but  they  have  a  very  great  disadvantage  where  the  cable  is  laid 
on  an  incline,  or  where  one  part  of  the  section  of  cable  is  at  a 
higher  level  than  the  other.  We  found  back  in  1903  and  1904 
that  with  oil  filling  the  oil  would,  in  some  cases,  practically 
empty  itself  out  of  some  joints  and  run  for  long  distances  through 
the  cable,  into  joints  at  a  lower  level.  While  we  make  it  a  prac- 
tise to-day  to  use  oil  filling  at  times  under  exceptional  conditions, 
we  prefer,  as  a  general  thing,  to  use  a  rather  harder  compound. 

H.  C.  Louis  (communicated  after  adjournment) :  Answering 
some  criticism  regarding  our  methods  of  measurement,  it  is 
admitted  that  there  may  be  some  question  as  to  the  absolute 
accuracy  of  these  for  measuring  very  small  losses,  but  they  are 
sufficiently  accurate  for  measuring  higher  losses.  At  low  tem- 
peratures the  dielectric  losses  are  very  low,  but  when  they  are 
low  their  relative  effect  is  small,  so  consequently  it  is  of  no  great 
importance  for  our  purposes  to  measure  these  with  refined 
accuracy.  However,  at  higher  temperatures  the  dielectric  losses 
being  higher,  they  are  of  great  importance,  consequently  it  is 
of  importance  that  the  measurements  here  be  accurate.  It  is 
at  these  higher  points  that  our  method  is  accurate,  and  is  of 
more  than  sufficient  accuracy  to  show  up  marked  differences, 
where  such  exist,  between  different  cables. 
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THE  INSULATOR  SITUATION 


BY  W.  D.  PEASLEE 


Abstract  of  Paper 
This  paper  gives  a  resume  of  the  insulator  situation  as  it 
exists  at  the  present  time  and  shows  the  gradual  increase  in 
requirements  that  have  been  held  essential  to  a  successful 
insulator. 

A  statement  of  the  apparent  causes  of  the  very  rapid  deteri- 
oration of  insulators,  even  when  stored  and  subject  to  no  electric 
stress  is  given,  and  the  conditions  necessary  to  the  production  of 
arfinsulator  that  will  reduce  this  deterioration  cost  are  discussed. 

Microphotographs  showing  the  structure  of  the  porcelain  from 
several  insulators  are  given.  Interesting  flows  and  defects 
common  to  porcelain  insulators  are  shown.  Three  means_are 
given  for  improving  the  insulator  situation,  one  of  which  is"  the 
use  of  fused  quartz  as  an  insulator  material,  the  laboratory 
feasibility,  of  which  has  been  shown.  Investigations  as  to  the 
commercial  manufacture  of  quartz  insulators  are  under  way. 

THE  INSULATOR  situation  has  for  the  last  few  years  en- 
gaged the  earnest  thought  of  all  engineers  directly  or 
indirectly  responsible  for  the  operation  and  maintenance  of 
high-voltage  transmission  lines. 

Not  long  ago  the  following  general  postulates  were  laid  down 
by  some  operating  engineers,  despite  the  warnings  of  some 
research  men,  as  the  ultimate  requirements  of  insulators  for 
reliable  service,  and  much  was  written  irf  the  technical  press 
regarding  efficiency  as  applied  to  line  insulators  with  respect  to 
these  features. 

1.  The  insulator  must  not  flash-over  at  operating  voltage  even 
when  dirty  and  wet. 

2.  The  insulator  should  flash-over  on  excess  voltage  at  normal 
frequency  and  not  puncture. 

3.  Sufficient  surface  leakage  distance  should  be  provided  to 
prevent  excessive  leakage  current.  (To  prevent  burning  of 
wood  poles  and  pins.) 

4.  It  should  be  mechanically  strong  enough  for  the  load  im- 
posed upon  it. 

Insulators  by  the  carload  have  been  made  that  meet  fully 
those  requirements,  as  far  as  normal  frequency  voltages  are 
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concerned,  that  is,  those  that  do  not  fail  under  factory  test  do. 
These  new  insulators,  designed  according  to  the  best  then  exist- 
ing engineering  knowledge,  were  placed  on  our  transmission 
lines  and  the  insulator  manufacturers  began  the  study  of  making 
more  and  cheaper  insulators  while  the  engineers  operating  the 
lines  began  to  get  interested  in  other  things,  when  the  insulator 
situation  again  became  of  prime  moment. 

It  was  found  that  after  about  two  or  three  years  in  service 
these  insulators  were  failing  at  a  rate  of  from  10  per  cent  to  40  per 
cent  per  year,  apparently  without  logical  regard  to  location  or  se- 
verity of  service,  climatic  or  electrical.  Many  very  valuable  and 
brilliant  methods  for  detecting  insulators  about  to  fail  were 
developed  and  the  best  that  was  hoped  for  was  a  chance  to  take 
them  off  when  convenient  before  they  went  out  at  an  inoppor- 
tune time. 

About  this  time  a  rather  startling  fact  was  discovered  by 
several  investigators  almost  simultaneously.  If  a  Certain  lot  of 
insulators,  having  passed  successfully  factory  routine  tests,  are 
placed  in  a  warehouse  for  a  couple  of  years,  a  goodly  per  cent 
of  them  will  fail  at  the  end  of  that  time  on  tests  less  severe  than 
they  passed  to  escape  from  the  factory  junk  pile.  In  other 
words,  they  deteriorate  at  an  alarming  rate  even  doing  nothing 
and  apparently  just  "because".  This  experience  the  author  can 
testify  to  with  some  regret,  and  it  has  been  corroborated  often 
enough,  so  that  it  is  now  a  well  recognized  fact  among  workers 
in  this  field. 

Not  satisfied  with  the  generally  accepted  theories  in  explan- 
ation of  these  failures  the  author  began  in  1914  an  extended 
research  into  this  fierd  which  finally  led  to  the  use  of  the  micro- 
scope in  an  endeavor  to  ascertain,  if  possible,  the  mechanism  of 
the  failure  of  porcelain  insulators.  As  a  result  of  this  micro- 
scopic work  in  connection  with  some  experiments  on  transients, 
he  laid  down  seven  requirements  in  corroboration  and  extension 
of  the  four  previously  mentioned. 

By  the  time  this  paper*  appeared  the  work  had  been  further 
advanced  by  means  of  an  excellent  high-powered  petrographical 
microscope  and  the  results  lead  to  a  decided  doubt  as  to  the 
ability  of  the  porcelain  insulator  to  meet  the  situation  at  all, 
even  under  the  best  conditions  of  manufacture. 

From  a  study  of  the  insulator  troubles  of  several  systems  for 
the  past  three  years,  and  from  a  microscopical  analysis  (using 


*W.  D.  Peaslee.  A.  I.  E.  E.  Trans.,  Vol.  XXXV,  1916,  p.  1187. 
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polarized  light  and  crossed  nicols)  of  several  hundred  insulators 
whose  records  were  known,  the  following  points  regarding  the 
deterioration  of  the  porcelain  insulator  seems  to  be  pretty  well 
established. 

1.  Perfectly  good  insulators  that  will  pass  all  sorts  of  tests 
right  after  manufacture  deteriorate  at  an  alarming  rate  even 
when  not  in  use.  I  have  personally  known  of  insulators  stored 
in  a  warehouse,  all  of  which  have  passed  test  on  an  oscillator, 
and  also  60-cycle  flash-over.  Two  years  later  14  per  cent  of  these 
insulators  failed  under  60-cycle  flash-over.  That  is,  they  punc- 
tured at  a  voltage  under  the  flash-over  voltage. 

2.  It  is  very  apparent  that  something  takes  place,  inside  the 
cap  in  a  suspension  unit,  and  between  the  shells  in  a  pin-type 
unit,  that  causes  this  deterioration  when  not  in  service,  though 
it  is  not  impossible  that  the  electric  tests  have  some  part  in 
starting  or  causing  some  of  this  deterioration. 

3.  There  seems  also  to  be  grounds  for  suspecting  that  in  some 
manner  certain  insulators  deteriorate  at  a  rather  rapid  rate  due 
to  dielectric  stresses  combining  with  other  stresses  in  such  a 
manner  as  to  materially  hasten  the  failure  of  the  insulator. 

The  results  of  the  investigations  seem  to  show  that  four 
factors  are  of  predominant  importance  in  this  connection. 

1.  Mechanical  stresses  due  to  temperature  changes  neces- 
sarily resulting  from  the  different  coefficients  of  cubical  expansion 
of  the  metal,  cement,  and  porcelain;  mechanical  stresses  due  to 
the  expansion  of  moisture  in  the  cement  on  freezing  and  the 
changes  in  volume  of  cement  with  different  moisture  contents; 
and  mechanical  stresses  due  to  improper  firing  and  cooling  of 
the  porcelain. 

2.  Dielectric  flux  concentrations  due  to  improper  design  of 
insulator  shapes  and  defects  in  the  porcelain.  This  can  be 
remedied,  but  its  general  effect*  is  as  has  been  shown,  to  permit 
the  stressing  of  the  porcelain  to  very  high  values  by  means  of 
transients,  which  like  the  poor  are  always  with  us. 

3.  Dielectric  flux  concentration  due  to  the  fact  that  the  porce- 
lain is  inevitably  made  of  two  or  more  materials  of  widely 
different  physical  properties,  one  isotropic  and  the  others  aniso- 
tropic in  character,  as  strikingly  shown  by  the  microphotographs. 
It  is  well  known  that  the  dielectric  constant  or  specific  inductive 
capacity  of  an  anisotropic  medium  is  not  the  same  in  all  directions 
but  varies  according  to  the  angle  between  the  principal  optic 

*W.  D.  Peaslee,  A,  I,  E.  E,  Trans.,  Vol.  XXXV,  1916,  p.  1187. 
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axis  and  the  direction  of  the  electric  force.  With  the  random 
alignment  of  the  anisotropic  crystals  in  a  porcelain  body,  rela- 
tively large,  minutely  local  flux  concentrations  result.  While 
partially  fluid  in  the  process  of  firing,  most  insulator  shapes 
develop  flow  lines  wherein  the  crystals,  anisotropic  in  nature, 
align  themselves  in  such  a  manner  that  the  permittivity  of  the 
dielectric  along  these  flow  lines  is  considerably  greater  than  in 
other  portions,  resulting  in  definite  flux  concentrations  along 
these  flow  lines. 

4.  Mechanical  stresses  due  to  the  differences  in  coefficients  of 
expansion  of  the  constituents  of  the  porcelain  acting  to  establish 
a  separation  surface  between  the  crystals. 

Considering  the  cement,  the  volume  changes  of  Portland 
cement  under  change  of  moisture  content  are  well  known,  and 
examination  of  the  cement  in  two  hundred  and  eighteen  insu- 
lators whose  history  was  well  known  has  shown  the  following 
facts: 

All  but  fifteen  of  the  insulators  that  had  failed  electrically 
(207)  had  cement  whose  absorption,  after  two  hours  baking  at 
120  deg.  cent,  and  four  hours  boiling  in  water,  was  over  12  per 
cent  and  in  some  failing  quickly  the  absorption  ran  up  to  46  per 
cent.  Of  those  which  had  failed  mechanically  or  were  still  good 
(11)  only  one  had  cement  whose  absorption  ran  over  6  per  cent. 

While  these  data  are  no  more  than  a  surface  indication  they 
are  offered  as  an  indication  of  a  possible  source  of  deterioration. 
It  can  readily  be  seen  that  absorptive  of  such  amounts  of  water 
the  cement  in  such  insulators  must  expand  and  contract  viciously 
under  temperature  and  humidity  changes.  Investigations  are 
at  present  under  way  using  various  water-proofing  compounds 
and  different  mixtures  of  cement  to  find  the  mixture  that  with 
a  permissible  strength  sacrifice  will  give  the  lowest  absorption. 
The  preliminary  results  are  encouraging  and  it  is  hoped  that 
some  valuable  information  will  be  available  soon  from  these  tests. 

The  porcelain  from  which  insulators  are  made  consists  in  the 
main  of  partially  dissolved  crystals  of  silica  (Si02)  in  a  ground 
mass  of  feldspar  glass  and  crystals  of  sillimanite  of  a  size  de- 
pending upon  the  heat  treatment  of  the  porcelain.  It  has  been 
found  by  some  investigators  that  it  is  entirely  possible  and  easy 
to  determine  within  =fc  25  deg.  cent,  the  temperature  at  which  a 
porcelain  has  been  fired  by  the  examination  of  a  thin  section 
under  the  microscope.* 

*T*Ak«Ainf;ic  Paper  No.  80  Bureau  of  Sfcandftrts,  Constitution  and 
of  Porcelain. 


1917]  PEASLEE:  TH&  INSULATOR  SITUATION  531 


Referring  to  Fig.  1  if  the  needles  are  anisotropic  substances 
whose  maximum  permittivity  occurs  along  the  principal  axis  the 
resulting  field  distortion  will  be  roughly  as  shown.  Now  com- 
bine a  conglomerate  mass  of  such  needles  scattered  through  a 
medium  of  different  average  permittivity  still,  and  sprinkle 
through  this  a  quantity  of  relatively  large  irregular  anisotropic 
crystals  of  still  different  average  permittivity  and  it  will  readily 
be  seen  that  there  are  infinite  possibilities  for  minute  flux  con- 
centrations, and  whenever  for  a  finite  length  of  time  the  dielectric 
flux  exceeds  a  certain  value  in  a  dielectric,  the  destruction  of  the 
dielectric  is  certain.  Also,  failure  of  the  dielectric  heats  it,  and 
the  negative  temperature  resistance  coefficient  of  porcelain 
renders  a  progressive  breakdown  extremely  easy  when  the 
initial  failure  occurs. 


Fig.  1 


Microscopic  examination  of  a  great  many  samples  has  shown 
that  the  flow  lines  mentioned  are  mechanically  weak  and  have  a 
great  tendency  to  develop  minute  cracks,  apparently  during 
cooling.  These  cracks  are  often  lined  or  filled  with  crystals  of 
sillimanite  (AUSiOa)  which  are  anisotropic  and  more  or  less  in 
alignment.  The  combination  of  such  cracks  and  the  above 
mentioned  flux  concentrations  along  flow  lines  is  a  source  of 
further  weakness  in  the  porcelain  insulator.  This  point  is 
brought  out  very  clearly  in  several  of  the  illustrations. 

If  the  four  factors  last  mentioned  are  the  predominant  ones 
in  causing  insulator  depreciation,  we  can  of  course  lay  out  the 
requirements  of  an  insulator  that  will  avoid  them. 

1.  A  cement  must  be  developed  that  will  be  elastic  enough  to 
take  up  the  necessary  changes  due  to  expansion  and  contraction 
of  the  insulator  parts  under  temperature  changes.  Condensite 
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and  other  compounds  have  been  tried  in  this  but  so  far  as  the 
writer  knows,  no  positive  results  have  been  obtained  that  are 
as  yet  of  commercial  value. 

2.  Improve  the  design  of  the  insulator  to  avoid  flux  concen- 
trations and  the  placing  of  dielectric  of  different  permittivities 
in  series  and  improve  the  workmanship  to  avoid  defects. 

3.  Make  the  insulator  from  an  amorphorous,  non  crystalline 
substance,  containing  only  one  constituent,  or  only  those  of  the 
same  electrical  and  temperature  characteristics. 

Certain  of  the  compounds  that  have  been  experimented  on 
give  promise  of  some  success  as  a  cement  of  the  character 
described,  and  fused  quartz  except  for  inherent  difficulties  in 
working  is  ideal  as  an  insulator  material. 

The  temperature  coefficient  of  expansion  of  fused  quartz  is 
about  0.000,000,59  or  about  one-fifth  that  of  porcelain.  Its 
dielectric  strength  is  very  high  and  its  mechanical  strength  and 
elasticity  are  all  that  could  be  asked.  It  withstands  indefinitely 
•  the  action  of  high-frequency  voltages  such  as  those  from  the 
Poulsen  arc  and  is  to  the  action  of  the  elements  the  most  re- 
sistant material  known. 

Due  to  its  low  temperature  coefficient  of  expansion  an  in- 
candescent piece  of  fused  quartz  can  be  dropped  into  a  pail  of 
water  without  effect,  except  an  apparent  improvement  in  elas- 
ticity. This  is  a  valuable  property  when  it  comes  to  running  it 
into  chilled  molds. 

The  drawback  is  that  it  has  a  tendency  to  evaporate  before 
flowing  enough  to  mold  and  on  fusing  to  explode  and  form  a 
milky  substance  full  of  tiny  air  holes  and  useless  as  an  insulator 
and  is  also  chemically  very  active  at  extremely  high  tempera- 
atures.  Means  of  overcoming  this  have  been  found  and  until 
the  microscope  slides  of  the  product  were  examined  it  was  thought 
a  perfect  product  had  been  secured,  as  the  tiny  carbon  particles 
and  bubbles  so  marked  under  the  microscope  in  Fig.  10  and  Fig. 
11  are  not  visible  to  the  unaided  eye,  merely  giving  the  quartz 
a  blue  color.  Means  have  been  found  to  overcome  even  these 
defects  and  on  a  laboratory  scale  the  manufacture  of  fused 
quartz  as  an  insulator  material  is  assured.  The  problem  now 
engaging  our  attention  is  the  production  of  this  material  in 
commercial  sizes  at  a  cost  that  will  not  be  prohibitive. 

Conclusion 

A  study  of  the  growing  mass  of  data  on  insulator  deterioration, 
forces  upon  our  attention  the  following  insulator  situation. 


PLATE  XX. 
A.  I.  E.  E. 
VOL.   XXXVI,  1917 


Fig.  2 — 300  Diameters — Taken  From  an  Insulator  Manufactured 

in  1912 


This  type  has  showed  marked  deterioration  and  has  been  removed  from  service  by  one 
company  and  replaced  by  another  type — Note  the  shrink  crack  full  of  sillimanite  crystals 
and  the  large  partially  resorbed  quartz  crystals  showing  in  high  relief — The  darkness  of 
the  ground  mass  is  caused  by  minute  distributed  sillimanite  crystals — The  darker  bodies 
are  apgrepate*  of  sillimanite  with  some  kaolin. 


Fit..  3 — 300  Diameters — Same  as  Fu..  "J  [peableeJ 
Taken  through  crowed  nicoJs  showing  anisotropic  nature  <?f  quart*  crystals  (bright  whit 
masses)  and  of  «Himanttc  (appearing  as  a  light  fog). 


PLATE  XXI. 
A.  I.  E.  E. 
VOL.  XXXVI,  1917 


Fig.  4 — 300  Diameters — Section  From  a  Well  Known  Make  of 
High-Voltage  Pin-Type  Insulator 

Failed  under  test  before  being  put  into  service — A  is  crack  lined  with  silliminate  crystals — 
B  is  a  large  partially  resorbed  quartz  crystal — The  dark  masses  are  sillimanite  particles 
scattered  through  the  glassy  ground  mass. 


[pkaslek] 

5—300  Diameters— Same  as  Fig.  4  Except  Under  Crossed 
Nicols 

•k  portion  of  this  and  other  slides  taken  under  crossed  nicols  is  the  isotropic 
ound  mass. 


PLATE  XXII 
A.  I.  E.  E- 
VOL.   XXXVI,  1917 


Fig.  6 — 300  Diameters — Slide  From  an  Insulator  That  After 
Passing  Factory  Test  Was  Stored  in  a  Warehouse  Two  Years 

Failed  under  flash-over  voltage  when  taken  out — The  crack  A  is  apparently  due  to  ex- 
pansion and  contraction  and  is  not  a  cooling  crack  as  no  crystals  have  formed  in  it — The 
cement  in  this  insulator  was  very  porous  and  showed  the  effects  of  expansion  and  contrac- 
tion— Note  the  flow  structure  crossing  the  picture  between  the  large  quartz  crystals  and  the 
alignment  of  sillimanite  along  this  flow. 


It 


[pkaslee] 

Fig.  7 — 300  Diameters — Same  as  Fig.  6  Under  Crossed  Nicols 

Note  the  great  amount  of  fine  quartz  crystals  and  their  concentration  due  apparently 
to  flow  in  the  mass  before  or  during  firing. 


PLATE  XXV. 
A.  I.  E.  E. 
VOL.  XXXVI,  1917 


Fig.  12 — 300  Diameters — Crack  in  a  Suspension  Unit  that  was 
Removed  from  the  Line  on  Account  of  Low  Megger  Reading 


[PEASLEE 

Fig.  13 — 300  Diameters — Crossed  Nicol  View  of  Section  from  an 
Insulator  of  Foreign  Manufacture 

Shows  very  clearly  the  isotropic  ground  mass  (black)  the  anisotropic  quartz  (white) 
and  the  fogKy  masses  of  anisotropic  sillimanite. 
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1.  The  porcelain  insulator  as  commercially  available  today  is 
not  a  success,  it  is  deteriorating  too  rapidly  both  in  and  out  of 
use  and  the  gathered  evidence  points  to  certain  inherent  features 
of  manufacture  and  composition  that  are  responsible  in  large 
part  for  this  unreasonable  deterioration. 

2.  The  design  features  may  be  overcome  by  a  correct  ap- 
preciation of  the  mechanism  of  breakdown  and  the  application 
of  correct  principles  of  dielectric  flux  distribution. 

3.  It  has  been  found  possible  to  make  and  manufacture  fused 
quartz  on  a  laboratory  scale  and  indications  are  that  it  can  be 
done  on  a  commercial  scale  for  a  permissible  price,  and  it  is 
hoped  that  the  development  of  this  and  other  studies  now  being 
made  by  many  engineers  may  lead  to  a  lessening  of  the  enor- 
mous cost  of  the  present  insulator  depreciation  encountered  by 
the  operating  companies. 

The  investigations  herein  mentioned  have  been  made  in  the 
high-voltage  laboratory  of  the  Oregon  Agricultural  College  and 
recognition  is  hereby  expressed  of  the  aid  of  Mr.  A.  Strieff, 
Assistant  Instructor,  and  Mr.  J.  A.  Hooper,  a  member  of  this 
year's  senior  class,  both  of  whom  rendered  invaluable  assistance 
in  the  many  tests  necessary  to  such  an  investigation. 


Presented  at  the  332nd  Muting  of  the  American 
Institute  of  Electrical  Engineers,  New  York, 
June  27,  1017- 
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EXPANSION  EFFECTS  AS  A  CAUSE  OF  DETERIORATION 
IN  SUSPENSION  TYPE  INSULATORS 

BY  J.  A.  BRUNDIGE 


Abstract  of  Paper 
In  seeking  causes  for  the  rapid  deterioration  which  has  been 
encounterea  in  suspension  tvpe  insulators,  two  leading  hypo- 
theses, viz.,  porosity  and  mechanical  cracking  through  expansion 
effects,  have  been  advanced  by  different  groups  of  investigators. 
These  are  briefly  outlined  in  the  paper,  after  which  the  author 
presents  data  in  support  of  the  latter.  Some  of  the  operating 
problems  attendant  upon  insulator  deterioration  are  also  dis- 
cussed. 


Introduction 

THE  CONTINUED  and  seriously  high  rate  of  deterioration 
occurring  in  all  parts  of  the  country  in  high-voltage  sus- 
pension insulators  of  the  cap  and  stud  type,  has  caused  investi- 
gators in  their  efforts  towards  the  design  of  a  durable  insulator, 
to  make  a  more  careful  study  of  the  problem  than  heretofore, 
for  the  purpose  6i  trying  to  fix  the  underlying  causes  of  failure. 
Had  the  problem  been  a  simple  one,  it  would  doubtless  have  been 
solved  before  now,  and  in  view  of  the  number  of  factors  involved, 
especially  from  the  manufacturing  standpoint,  it  is  not  only  nat- 
ural, but  in  fact  a  favorable  sign  of  active  and  thorough  investi- 
gation, that  somewhat  different  views  may  at  first  be  held  as 
to  the  predominating  causes  of  insulator  deterioration  by  those 
engaged  in  making  such  studies. 

As  a  result  a  number  of  engineers,  together  with  a  majority 
of  those  concerned  in  insulator  manufacture,  while  recognizing 
that  porosity  undoubtedly  has  been  responsible  for  a  consider- 
able percentage  of  failures,  hold  that  mechanical  cracking  of  the 
porcelain,  brought  about  by  expansion  effects  (possibly  assisted 
by  heavy  cable  loads)  is  the  principal  cause  for  the  trouble 
experienced.  This  hypothesis  is  equivalent  to  saying  that  unless 
the  more  recent  designs  and  methods  of  assembling  have  suffi- 
ciently reduced  the  mechanical  stresses  set  up  inside  the  cap, 
troubles  with  this  type  of  insulator  may  be  expected  to  continue, 
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regardless  of  the  degree  of  perfection  and  freedom  from  porosity 
attained  in  the  manufacture  of  the  porcelain  shells. 

On  the  other  hand,  there  are  prominent  investigators  who 
have  quite  definitely  taken  the  stand  that  practically  all  insulator 
deterioration  is  ultimately  attributable  to  porosity,  which  either 
makes  the  porcelain  weak  electrically  after  moisture  has  been 
absorbed,  or  causes  cracking  through  the  capillary  absorption 
and  crystallization  of  salts  taken  up  from  the  adjacent  cement 
used  in  assembling,  or  causes  a  combination  of  both.  The 
porosity  hypothesis  is  in  part  based  upon  the  results  of  experi- 
ments made  with  apparatus  designed  to  measure  extremely  high 
resistances.  With  such  apparatus,  it  has  been  shown  that  all 
porcelain  is  more  or  less  conducting  and  that  quite  wide  resist- 
ance differences  exist  between  various  specimens.  A  consider- 
able variation  in  the  resistance- of  certain  specimens  when  sub- 
jected to  treatment,  for  the'  purpose  of  altering  their  moisture 
content  has  been  also  noted.  These  results,  which  are  not  sur- 
prising when  considered  in  the  light  of  the  extreme  sensitiveness 
of  the  instruments  used  and  of  the  well  known  difficulty  of  pro- 
ducing well  vitrified  porcelain,  have  led  some  of  these  investiga- 
tors to  believe  that  all  porcelain  is  inherently  porous  to  such  an 
extent  as  to  make  it  unsuitable  for  manufacturing  satisfactorily 
durable  insulators.  " 

The  engineers  of  the  company  with  which  the  author  is  asso- 
ciated in  investigating  the  problem  from  an  operating  standpoint 
so  far  as  somewhat  limited  facilities  have  permitted,  and  while 
having  no  desire  to  minimize  the  importance  of  porosity  effects, 
have  arrived  at  the  belief  that  expansion  effects  are  causing  the 
major  part  of  insulator  deterioration,  and  the  following  notes 
and  comments  are  given  in  support  of  this  view.  It  is  appre- 
ciated that  many  of  the  facts  mentioned  have  only  circum- 
stantial value,  but  when  considered  together  it  will  be  evident 
that  this  belief  is  not  without  foundation. 

General 

Statement  of  Conditions  Inside  of  Cap.  Before  referring  to 
observed  results,  it  is  instructive  to  review  the  conditions  existing 
inside  the  cemented  metal  cap  of  a  suspension  insulator. 

It  is  well  known  that  Portland  cement  after  setting  does  not 
attain  its  ultimate  hardness  for  a  considerable  period — usually 
months — but  when  this  state  is  finally  reached,  it  will  withstand 
and  transmit  fairly  large  compressive  stresses.    Under  these 
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conditions,  the  porcelain  inside  an  insulator  cap  is  directly 
subjected  to  varying  forces  which  it  is  poorly  adapted  to  with- 
stand. The  temperature  expansion  coefficient  of  porcelain 
being  only  approximately  one-half  that  of  steel,  it  is  perceivable 
that  from  this  source  alone  stresses  amply  sufficient  to  cause 
damage  must  occur  as  the  result  of  seasonal  temperature  changes. 
Expansion  in  the  steel  stud  on  hot  days  is  doubtless  responsible 
for  much  of  the  trouble. 

But  another  and  even  more  serious  form  of  expansion  takes 
place  inside  insulator  caps  where  Portland  cement  has  been  used 
for  assembling,  the  existence  of  which  has  not  been  generally 
recognized.  This  is  the  expansion  and  contraction  of  the  cement 
itself  that  the  influence  of  varying  moisture  conditions.  Mr. 
A.  H.  White*  in  a  series  of  experiments  extending  for  a  period  of 
nearly  five  years,  on  both  old  and  new  samples  of  concrete  and 
cement  obtained  from  various  sources, has  shown  that  from  a  dry 
to  a  completely  moistened  state,  neat  cement  briquettes  will 
expand  as  much  as  0.15  per  cent,  which  is  equivalent  to  a  tem- 
perature expansion  change  in  cement  of  nearly  270  deg.  fahr. 
(150  deg.  cent.).  In  addition,  it  was  shown  that  the  effect  was 
gradually  progressive,  the  samples  exhibiting  a  slight  increase 
in  length  with  each  cyclic  change.  Other  investigators  have  also 
noted  this  behavior  of  Portland  cement,  the  generally  accepted 
explanation  of  which  is  that  it  exhibits  reversible  collodial  char- 
acteristics to  a  limited  extent,  analogous  to  the  softening  and 
swelling  up  of  glue  in  the  presence  of  water.  The  progressive 
expansion  taking  place  with  the  cyclic  changes  is  attributed  to 
the  incomplete  hydration  of  some  of  the  particles  of  cement, 
which  are  initially  sealed  up  and  protected,  but  as  the  expansion 
and  contraction  goes  on,  more  of  these  are  exposed  to  moisture 
so  that  additional  setting  takes  place,  accompanied  by  a  certain 
amount  of  permanent  expansion.  This  expansion  was  clearly 
indicated  in  the  experiments  mentioned  by  the  numerous  hair 
cracks  which  generally  developed  throughout  the  mass  of  the 
sample  briquettes. 

It  is  believed*  by  the  author  that  the  much  greater  deteriora- 
tion which  has  been  experienced  with  insulators  hanging  in  the 
tension  or  horizontal  position  as  compared  with  that  occurring 
in  those  suspended  vertically,  may  be  accounted  for  by  the  fact 
that  the  cement  in  the  former  is  much  more  directly  exposed  to 
the  elements,  thus  affording  greater  opportunity  for  the  taking 

•Proceedings  Am.  Society  for  Testing  Materials,  Vol.  XIV,  Part  II, 
1914,  p.  204. 
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up  of  water  and  the  reverse,  whereas  the  cement  in  units  in  the 
upright  position  is  not  subjected  to  such  marked  extremes;  also 
because  of  the  greater  relative  exposure  of  the  horizontally 
placed  units  to  the  hot  sun,  resulting  in  their  undergoing  more 
abrupt  temperature  changes.  The  great  difference  in  the  rate 
of  deterioration  observed  in  the  two  positions  cannot  be  wholly 
accounted  for  by  the  fact  that  the  tension  insulators  usually  sup- 
port heavier  mechanical  loads.  While  it  is  believed  that  exces- 
sive loads  accelerate  deterioration,  several  instances  have  been 
encountered  where  tension  insulators  carrying  loads  less  than 
those  on  adjacent  suspension  insulators  have  shown  percentage 
failures  from  2  to  3  times  as  great  and  equalling  the  failures  ob- 
served in  tension  insulators  generally  elsewhere  on  the  same  sys- 
tems. 

Data  and  Observations 

The  following  notes  relate  to  data  from  megger  and  oscillator 
tests  made  during  the  last  three  years  on  transmission  systems 
located  in  widely  separated  parts  of  the  country  embracing  an 
aggregate  of  over  six-hundred-thousand  suspension  insulator 
units.  It  may  be  added  that  in  drawing  conclusions  from  the 
megger  tests,  care  has  been  taken  to  select  only  readings  made 
under  favorable  conditions  and  by  testers  experienced  in  handling 
the  instrument,  who  were  cognizant  of  its  limitations  and  of  the 
precautions  to  be  observed  in  its  use. 

Electrical  Stresses  Not  a  Necessary  Factor  in  Deterioration. 
Owing  to  the  greater  electrical  stresses  to  which  the  end  units  of 
insulator  strings  are  theoretically  subjected,  it  might  be  expected 
that  these  would  fail  in  comparatively  greater  numbers  if  such 
electrical  stresses  were  a  material  factor.  With  one  exception, 
the  data  on  which  have  not  been  fully  confirmed,  no  evidence  has 
come  to  the  notice  of  the  author  that  the  end  units  do  fail  at  a 
greater  rate.  The  following  record  from  oscillator  tests  made  on 
strain  insulators  units  from  a  60-kv.  line  in  1916  may  be  taken  as 
typical.  Potential  was  applied  at  100  kv.  for  5  seconds: 


Unit  No. 

Location  of  defective  units  in  string 
(No.  1  unit  next  to  conductor) 

Total  defective 

Wire  A 

Wire  B 

Wire  C 

1 

40 

35 

34 

109 

2 

40 

33 

39 

112 

3 

37 

37 

39 

113 

4 

42 

42 

30 

114 

5 

40 

38 

30 

108 
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Another  phenomenon  of  much  more  conclusive  nature  showing 
that  deteridration  takes  place  independently  of  electrical  stresses 
is  the  loss  often  observed  in  insulators  where  they  have  been  left 
for  some  time  in  the  original  crates.  In  one  instance  reported 
from  the  Pacific  coast,  it  was  found  that  the  percentage  deteriora- 
tion in  a  lot  of  several  hundred  units  left  over  from  line  construc- 
tion amounted  to  practically  the  same  as  that  occurring'  in  the 
ones  in  service.  The  crates  containing  the  excess  insulators  were 
of  the  usual  open  type  and  had  been  stored  in  a  yard  for  a  period 
of  approximately  four  years.  Tests  were  made  by  means  of  the 
megger  and  the  loss  totaled  nearly  5  per  cent. 

Insulator  Failures  are  Not  Proportional  to  Degree  of  Firing  in 
Kiln.  Referring  to  a  lot  of  877  units  subjected  to  oscillator  tests 
in  1915,  and  which  represented  the  entire  commercial  range  of 
firing,  it  was  found  that  failures  did  not  occur  any  more  fre- 
quently in  underfired  shells  than  among  the  others.  In  fact,  the 
overfired  shells  were  the  ones  which  showed  a  tendency  to  fail  in 
excess  of  the  average.  This  would  indicate  that  the  failures 
observed  were  influenced  more  by  mechanical  strength  of  the 
porcelain  than  by  the  degree  of  porosity.  The  degree  of  firing 
was  only  roughly  estimated  by  classification  of  the  glaze  colors, 
but  the  results  shown  in  the  following  table  taken  in  conjunction 
with  like  data  from  other  sources  are  believed  to  be  sufficiently 
definite  to  justify  the  above  conclusion. 


Total  number 


Bad 


Per  cent  bad 


Black  Green  

Green  black  

Greenish  brown  

Black  

Dark  brown  (normal) . 

Brown   

Light  brown  


176 
30 
12 
191 
210 
231 
27 

877 


37 
7 
4 
48 
40 
35 
6 

177 


21.0 
23.4 
33.3 
25.1 
J9. 1 
15.2 
22.2 

20.2per  cent 


In  the  above,  dark  brown  is  considered  to  represent  normal 
firing,  the  brown  and  light  brown  underfired,  while  the  black, 
greenish  brown,  green  black  and  black  green  were  overfired,  the 
last  exhibiting  blebs. 

A  more  striking  instance  is  the  failure  on  a  certain  system 
of  a  large  number  of  foreign  insulators,  the  porcelain  of  which 
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to  locate  the  existing  cracks  unless  they  have  become  opened  up 
somewhat  or  are  discolored  through  age.  It  has  been  found, 
however,  that  in  some  instances  the  cracks  may  be  identified  by 
carefully  examining  the  surface  of  the  cement  which  has  been  in 
contact  with  the  porcelain.  The  cement  may  show  a  fine  crack 
corresponding  to  the  crack  in  the  porcelain,  or  only  darkened 
lines  which  for  lack  of  a  better  term  have  been  called  "weathering 
lines".  Such  lines,  marked  by  arrows,  are  shown  in  Fig.  1.  In 
this  view,  the  metal  stud  has  been  tilted  slightly  away  from  the 
camera  to  separate  the  weathering  line  from  the  edge  of  the 
porcelain,  thus  bringing  it  into  better  view.  The  line  on  the 
cement  in  the  cap  section  has  been  produced  from  the  same 
crack,  as  will  be  seen  by  comparing  the  two. 

While  the  cause  for  the  weathering  lines  is  not  definitely 
known,  it  is  probable  that  they  are  the  result  of  ozone  liberated 
by  slight  electrical  discharges  through  the  crack  while  the  unit 
was  in  service.  Such  discharges  undoubtedly  occur  and  their 
presence  is  borne  out  by  a  slight  alteration  often  observed  in  the 
appearance  of  the  surface  of  the  fracture  in  the  porcelain  which 
becomes  glossed  and  faintly  iridescent  when  held  to  the  light 
at  the  proper  angle.  This  faint  play  of  colors  is  not  found  on 
surfaces  of  pieces  broken  sifter  removal  from  service. 

Operating  Problems 

Deterioration  in  insulators  is  proceeding  at  such  a  rate  that  it 
is  debatable  whether  all  suspension  insulators  of  the  cap  and 
stud  type  now  in  service  will  not  have  to  be  replaced  within  a 
comparatively  few  years.  Obviously  this  constitutes  a  very 
serious  situation  for  the  operating  engineer  and  it  is  imperative 
that  insulators  approaching  the  end  of  their  usefulness  be  de- 
tected and  removed  from  the  line  before  conditions  develop 
threatening  the  continuity  of  service. 

The  question  arises  as  to  whether  anything  will  be  gained  by 
subjecting  all  insulators  in  service  to  a  periodic  test  at  high 
voltage  for  weeding  out  those  pieces  undergoing  incipient  deter- 
ioration. It  is  apparent  that  if  a  test  could  be  devteed  which 
would  insure  safe  operation  for  a  period  of  three  or  more  years 
without  the  necessity  for  attention  to  the  insulators  in  the 
meantime,  much  of  the  cost  of  insulator  patrol  and  maintenance 
of  the  lines  would  be  obviated.  It  is  believed  that  a  high-voltage 
test  might  prove  useful  should  it  be  established  that  porosity  is 
a  serious  factor.    On  the  other  hand,  it  is  not  likely  that  much 
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benefit  would  be  derived  from  the  testing  of  units  in  this  way 
which  are  liable  to  deteriorate  through  cracking.  It  is  known 
that  each  application  of  high  potential  will  indefinitely  continue 
to  break  down  additional  units  and  many  of  these  would  doubt- 
less be  of  service  for  a  considerable  time  before  necessity  arose 
in  the  ordinary  course  of  events  for  their  replacement.  More- 
over, failure  by  cracking  proceeds  at  such  a  rapid  rate  that  many 
of  the  insulators  might  make  a  good  showing  on  test  and  fail 
very  soon  afterwards. 

Conclusion 

Summarized  briefly,  the  reasons  for  believing  that  expansion 
effects  are  the  principal  cause  for  deterioration  in  suspension- 
type  insulators  are  as  follows  : 

1.  The  conditions  existing  inside  the  metal  caps  are  sufficient 
to  explain,  through  temperature  expansion  alone,  much  of  the 
trouble  experienced.  Expansion  occurring  in  the  cement  because 
of  moisture  absorption  is  of  an  even  more  serious  nature. 

2.  No  evidence  of  importance  is  at  hand  showing  that  elec- 
trical stresses  have  caused  the  trouble  under  discussion. 

3.  Except  for  bad  cases  of  underfilling  which  are  generally 
easily  detected,  losses  of  insulators  in  service  do  not  bear  any 
apparent  relation  to  the  degree  of  firing. 

4.  So  far  as  observed,  deterioration  takes  place  quickly,  such 
as  would  be  expected  during  the  formation  of  cracks.  On  the 
other  hand,  slightly  porous  ware  absorbs  moisture  only  very 
slowly,  and  were  porosity  the  predominating  cause  for  failure, 
large  numbers  of  units  would  undoubtedly  have  been  discovered 
in  the  intermediate  resistance  stages. 

5.  Cracks  of  more  or  less  long  standing  have  been  identified 
in  a  majority  of  cases  where  it  has  been  possible  to  carry  on  post 
mortem  examinations  on  defective  insulator  units. 

6.  The  relatively  good  showing  made  over  long  periods  by 
pin  type  insulators  having  cemented  parts  and  by  Hewlett  units, 
none  of  which  represent  as  high  development  of  the  porcelain 
manufacturer's  art  as  some  of  the  later  suspension  insulators, 
would  indicate  that  porosity  is  not  the  factor  of  most  immediate 
concern. 

It  is  to  be  borne  in  mind,  however,  that  after  losses  from  ex- 
pansion effects  have  been  more  or  less  completely  eliminated,  por- 
osity in  porcelain  may  remain  as  a  problem  of  considerable  im- 
portance and  that  the  work  done  in  this  direction  by  investigators 
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will  become  increasingly  valuable,  unless  perhaps  a  better  ma- 
terial for  insulators  will  then  be  available.  Progress  in  over- 
coming expansion  will  doubtless  include,  as  one  of  the  steps, 
the  elimination  of  Portland  cement  from  the  designs  and  this 
incidentally  will  be  of  aid  in  simplifying  the  problems  arising 
from  porosity. 


Presented  at  the  332114  Meeting  of  the  American 
Institute  of  Electrical  Engineers.  New  York, 
June  27,  1917. 
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PRESENT  PRACTISE  IN  THE  DESIGN  AND 
MANUFACTURE  OF  HIGH-TENSION 
INSULATORS 


BY  A.  O.  AUSTIN 


Abstract  of  Paper 

As  considerable  time  or  a  severe  condition  is  necessary  to 
show  up  serious  insulator  defects,  the  favorable  line  conditions 
on  the  earlier  lines  permitted  the  use  of  inferior  material  and 
designs.  The  apparently  satisfactory  operation  of  inferior  insu- 
lators together  with  the  large  production  necessary  did  much  to 
retard  improvement  in  the  insulators,  for  improvement  was  prac- 
tically impossible  unless  same  could  be  accomplished  without 
materially  increasing  the  cost. 

The  desire  to  increase  production  and  improve  the  material 
necessitated  radical  changes  in  the  manufacture  and  equipment, 
so  that  the  well  equipped  plant  today  is  far  different  from  the 
ordinary  pottery  which  it  resembled  a  few  years  ago. 

The  rapid  development  in  the  transmission  field  has  mater- 
ially changed  conditions,  and  rendered  much  apparatus  obsolete, 
the  early  insulator  being  no  exception. 

As  causes  of  losses  have  become  evident,  means  have  been 
found  to  eliminate  the  serious  effects  of  same.  The  recognition 
of  the  increased  value  of  reliability  together  with  the  study  of 
operating  conditions  has  materially  changed  the  insulator  situa- 
tion, so  that  the  material  going  to  the  scrap  pile  today  is  more 
suitable  for  line  work  than  the  best  product  a  few  years  ago. 
The  loss  from  porosity  has  been  reduced  to  a  negligible  quantity 
by  improved  firing  methods  and  a  closer  selection. 

To  prevent  the  serious  cracking  loss  noticeable  on  old  insu- 
lators, has  been  the  most  difficult  problem.  To  prevent  trouble 
on  old  lines,  it  may  be  necessary  to  give  the  insulators  a  tempera- 
ture, as  well  as  an  electrical  test. 

Trouble  from  this  source  on  modern  insulators  is  prevented 
by  careful  attention  to  the  temperature  gradient,  increased 
mechanical  strength  to  resist  internal  stresses,  and  a  lowering  of 
the  internal  stresses  by  means  of  an  elastic  joint. 

The  performance  of  the  modern  insulator  is  very  gratifying, 
and  its  performance  must  not  be  judged  by  insulators  which  are 
really  obsolete. 


THERE  IS  often  an  impression  that  it  is  possible  to  eliminate 
all  insulator  troubles  by  the  use  of  some  new  design,  test 
or  manufacturing  method.  In  order  to  eliminate  trouble,  how- 
ever, it  is  absolutely  necessary  that  all  depreciation  be  elimi- 
nated. The  very  nature  of  the  dielectric,  the  large  number, 
necessitating  low  cost,  and  the  many  hazards  to  which  the  insu- 
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lators  are  subjected  in  operation  gives  us  no  right  to  expect  that 
wfe  can  hope  to  equip  a  line  with  insulators  which  have  absolutely 
no  depreciation. 

Although  the  depreciation  for  some  one  particular  cause  may 
be  made  negligible  in  the  insulator,  it  is  highly  important  that 
this  desirable  result  is  not  obtained  at  the  expense  of  a  greater 
hazard  in  some  other  direction.  The  best  line  practise  will  be 
that  which  reduces  the  principal  hazards  as  far  as  possible,  but 
takes  into  account  the  hazards  produced  by  depreciation,  so 
that  a  system  may  be  planned  and  operated  accordingly. 

From  the  operating  standpoint  the  insulator  problem  is  one 
of  maintenance,  for  the  state  of  the  art  is  such  that  the  hazards 
can  be  reduced  to  a  negligible  quantity  where  the  fundamental 
factors  governing  reliability  are  given  due  consideration  and  the 
line  is  maintained  in  a  good  state  of  repair. 

The  length  of  time  required  to  show  up  the  effects  of  deprecia- 
tion and  the  rapid  development  of  the  art  together  with  the  low 
cost  of  the  insulator  is  largely  responsible  for  the  greatest  losses. 

Material  improvements  have  been  made  in  the  design  and 
manufacture  so  that  the  performance  of  the  modern  insulator 
cannot  be  judged  by  the  performance  of  insulators  made 
even  a  few  years  ago. 

The  production  of  a  satisfactory  insulator  is  no  small  problem, 
if  the  cost  is  to  be  comparatively  low.  Designing  necessitates 
a  very  thorough  knowledge  of  manufacturing  conditions  or  their 
possibilities,  for  it  must  be  remembered  that  an  insulator  part 
usually  goes  through  from  20  to  30  operations  and  passes  through 
the  hands  of  over  20  operators.  To  produce  the  best  results, 
it  has  been  necessary  to  eliminate  heavy  labor  wherever  possible, 
so  improved  machinery  has  been  adopted  and  the  modern 
insulator  plant  has  departed  very  much  in  appearance  from 
the  pottery  and  the  methods  which  it  followed  only  a  few  years 
ago. 

Fig.  1  shows  one  of  the  mold  conveyors  where  the  ware  is 
cured  before  taking  it  out  of  the  molds.  Equipment  of  this  kind 
saves  much  of  the  heavy  labor,  permits  of  easy  inspection  and 
tends  to  produce  uniformity  in  the  insulator  and  at  the  same 
time  results  in  a  considerable  saving  both  as  to  labor  and  losses 
in  manufacture. 

Similar  work  has  been  carried  out  wherever  possible  in  the 
manufacture,  Fig.  2  showing  the  ware  as  it  is  ready  for  drying. 
With  equipment  of  this  kind,  five  or  six  hundred  insulators  are 
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subjected  to  practically  uniform  drying  conditions  on  all  sides 
and  at  the  same  time  cracking  and  the  handling  cost  is  cut  to  a 
small  fraction  of  what  it  was  formerly. 

The  inspection  of  ware  is  very  rigid  at  all  stages  in  the  manu- 
facture and  a  large  portion  of  the  ware  rejected  today  is  as  good, 
if  not  better,  than  the  first  quality  material  of  several  years  ago. 

It  was  only  a  few  years  ago,  that  it  was  difficult  to  obtain  a 
test  of  40  or  50  kv.  on  a  single  part  without  having  losses  of 
from  two  to  forty  per  cent.  The  state  of  the  art  is  such  at  this 
time  that  it  is  possible  to  test  single  parts  at  much  higher  volt- 
ages than  large  four-part  insulators  of  a  few  years  ago. 

Fig.  3  shows  some  large  insulator  parts  on  test,  under  test 
conditions  equivalent  to  140  kv.  The  average  loss  even  under 
severe  conditions  of  this  kind  is  seldom  over  one  per  cent.  This 
has  only  been  possible  by  careful  systematic  work.  Many  of 
the  older  lines  are  equipped  with  three-  or  four-part  insulators 
which  would  have  had  an  assembly  loss  of  40  or  50  per  cent,  if 
they  had  been  given  the  above  test  which  can  be  easily  carried 
by  a  single  part  today. 

In  Fig.  4  is  shown  one  of  the  assembly  cars  used  for  suspension 
insulators.  A  car  of  this  kind  handles  700  insulators  and  per- 
mits of  their  being  cured  under  the  best  possible  conditions  and 
with  a  minimum  amount  of  handling.  The  increased  cost,  owing 
to  a  very  much  higher  standard,  has  necessitated  improved 
handling  methods  at  every  point  in  order  to  keep  down  the  cost 
which  would  otherwise  be  considered  prohibitive. 

Much  has  been  writtei^  about  the  principal  electrical  charac- 
teristics of  the  insulator,  so  the  uiscussion  of  design  and  manu- 
facture will  be  largely  confined  to  the  two  most  important 
elements  producing  depreciation,  cracking  and  absorption. 

Cracking 

The  cracking  of  insulators  is  by  far  the  most  serious  cause  of 
depreciation  on  most  lines,  and  has  been  an  important  factor  in 
the  design  of  pin-type  insulators  for  some  years.  In  order  that 
the  method  adopted  to  reduce  this  loss  may  be  better  under- 
stood, it  is  necessary  to  consider  conditions  as  found  on  the  line. 

For  the  past  seven  or  eight  years,  much  cracking  has  been 
noticeable  on  pin-type  insulators,  some  lines  being  entirely 
reinsulated  while  on  others,  it  was  necessary  to  locate  the  faulty 
material  by  visual  inspection  or  by  ringing  out  with  a  stick. 
To  avoid  this  loss,  pin-type  insulators  were  replaced  by  sus- 
pension type  in  at  least  one  instance. 
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The  more  recent  cracking  of  suspension  insulators  has  attract- 
ed far  more  attention  than  a  similar  loss  in  the  pin  type.  This  is 
largely  due  to  the  fact  that  tl\ey  could  be  easily  located  on  the 
line  and  to  the  higher  standard  of  operation  on  most  of  the  lines 
where  they  were  used. 

A  curve  which  is  characteristic  of  the  depreciation  for  many 
insulators  is  shown  by  A  Fig.  5.  It  will  be  noted  that  this  curve 
rises  rather  rapidly  for  a  short  time  due  to  absorption  and  then 
rises  very  slowly  for  five  or  six  years  operation  when  it  jumps 
very  rapidly  due  to  cracking. 

In  order  to  see  the  effects  of  this  depreciation,  it  is  necessary 
to  study  the  effect  upon  operation. 

Curve  B  shows  the  opera- 
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ting  hazard  or  probable  inter- 
ruptions for  the  depreciation 
shown  in  curve  A.  It  is 
assumed  that  a  four-part  in- 
sulator will  fail  when  three 
parts  become  bad.  Curve  B, 
rises  very  rapidly  after  six 
or  seven  years  as  the  hazard 
increases  in  direct  proportion 
as  the  cube  of  the  deprecia- 
tion. This  curve  shows  why 
cracking  is  often  very  serious 
before  its  effect  is  noticeable 
on  the  operation. 

Curve  C  shows  the  opera- 
ting hazard  where  all  defective 
material  is  removed  every  four  years.  While  the  removal  of 
faulty  material  greatly  reduces  the  hazard,  it  is  seen  that  the 
cracking  during  the  tenth  year  would  cause  14  probable  break- 
downs in  a  lot  of  10,000,  although  there  might  have  been  only 
one  or  two  the  year  before. 

The  insulators  which  crack  are  apparently  affected  in  no  way 
up  to  the  instant  of  cracking,  hence,  it  is  impossible  to  anticipate 
their  failure  by  any  practical  electrical  test.  Porous  material  on 
the  other  hand,  can  be  detected  and  removed  before  it  becomes 
valueless. 

Owing  to  the  small  margin  of  safety  and  the  nature  of  dielec- 
trics used  for  insulators,  it  is  not  reasonable  to  assume  that 
depreciation  can  be  entirely  eliminated.   A  low  depreciation  is 
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well  worth  while,  however,  as  it  permits  the  use  of  insulators 
of  fewer  parts  with  their  smaller  maintenance. 

Examination  of  many  insulators  which  have  cracked  on  the 
line  indicates  the  following: 

1.  That  the  largest  and  apparently  the  strongest  insulators 
crack  soonest. 

2.  That  the  size,  shape  and  number  of  the  cemented  joints 
effect  the  cracking. 

Old  insulators  when  heated  up  slowly  will  often  crack  before 
they  reach  150  deg.  fahr.  The  parts  which  fail  are  the  tops  or 
shells  outside  of  large  cement  spaces. 

When  old  insulators  are  heated  up  and  then  have  their  tops 
sprayed  with  water  similar  to  a  thunder  storm,  a  very  much 


A  Fig.  6  B 


larger  per  cent  of  cracking  takes  place.  This,  however,  is  usually 
confined  to  the  head  of  the  insulator. 

Insulators  like  that  shown  in  A ,  Fig.  6  may  have  a  very  high 
loss  on  a  single  heating  and  cooling  cycle.  Designs  similar  to  Bt 
however,  stand  very  much  more  severe  treatment  without  loss. 

There  is  a  very  noticeable  cracking  on  the  heads  of  insulators 
similar  to  A  after  five  or  six  years  weathering.  If  insulators  are 
subject  to  the  elements,  it  appears  to  make  no  difference  whether 
they  are  in  service  or  not. 

When  old  insulators  which  are  heated  and  sprayed  with  water, 
crack,  the  failure  is  announced  by  a  sharp  report,  indicating  a 
force  of  considerable  magnitude.  Insulators  which  have  stood 
a  heating  and  cooling  cycle  of  higher  range  are  little  effected  by  a 
number  of  cycles  of  lower  range. 

These  together  with  the  absence  of  any  electrical  indication 
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of  weakness  go  to  show  that  the  cracking  is  due  to  a  high  stress 
rather  than  fatigue. 

It  has  been  pointed  out  that  the  stress  may  increase  due  to  a 
slight  expansion  of  the  cement  with  time.  This  stress  in  itself 
may  not  be  serious,  but  combined  with  others  may  cause  failure. 
The  cement  adheres  more  firmly  to  the  porcelain  with  time  so 
that  any  adjustment  by  slipping  may  become  less.  It  is  also 
possible  that  the  modulus  of  elasticity  of  the  cement  may  in- 
crease with  time.  The  accumulation  of  dirt  may  cause  a  greater 
leakage  of  current,  heating  up  the  inner  parts,  or  the  insulators 
may  get  hotter  in  the  sun.  The  poorer  heat  conductivity  of  the 
cement  is  still  another  factor. 

While  it  is  true  that  porcelain  or  glass  will  fail  at  a  lower  ulti- 
mate if  the  stress  is  applied  for 
a  long  time  the  stress  required 
to  cause  failure  is  very  high. 

Under  operating  conditions  an 
insulator  may  reach  150  or  160 
deg.  fahr.  in  the  sun.  Under 
these  conditions  insulator  A, 
Fig.  6  will  have  a  temperature 
gradient  along  the  line  0— /  like 
that  shown  in  A  Fig.  7.  If  rain 
falls  on  the  upper  surface,  the 
temperature  may  be  represented 
by  A '  after  a  few  minutes.  Under 
similar  conditions,  the  tempera- 
ture gradient  for  insulator  B  is 
shown  by  B  and  B'. 

It  will  be  noted  that  the  inner  parts  of  the  older  type  of  insu- 
lator get  very  much  hotter  than  those  in  B.  It  is  further  notice- 
able that  the  radiation  of  heat  from  the  inner  parts  is  less  in  A  than 
in  B,  so  that  when  the  heads  of  the  insulators  are  cooled  to  the 
same  temperature,  the  temperature  gradient  will  be  much  steeper 
in  A  than  in  B,  so  that  the  stress  set  up  between  the  porcelain 
parts  regardless  of  the  cement  will  be  very  much  higher  in  the 
older  type  insulator. 

The  cement  has  a  higher  linear  coefficient  of  expansion  than 
the  porcelain  and  will  produce  a  very  high  stress  if  of  large  cross 
section.  The  practise  then  of  reducing  the  size  and  area  of  the 
cement  joint  may  reduce  the  stress  set  up  by  the  cement  to 
easily  less  than  half  that  for  the  older  insulators. 
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-  The  advantage  in  fewer  cement  joints  and  small  heads  on  the 
insulators  has  been  carried  out  extensively  in  the  modern  two- 
piece  insulators  for  voltages  up  to  50  kv. 

Much  effort  has  been  expended  to  incorporate  the  following 
in  the  modern  pin-type  insulator: 

1.  A  few  strong  parts. 

2.  Small  heads  with  corresponding  cement  sections  and  areas. 

3.  Minimum  amount  of  nesting  permissible  with  mechanical 
reliability. 

4.  Elasticity  in  the  joint. 

A  few  strong  parts  keep  down  the  renewals  when  the  line  is 
cleared  up  for  the  loss  will  increase  nearly  as  the  product  of  the 
per  cent  loss  on  a  part  and  the  number  of  parts.  This  is  import- 
ant and  will  show  up  sooner  or  later  on  the  line. 


Fig.  8 

The  axial  pressure  tending  to  force  the  top  out  of  the  head  in 
A  is  entirely  eliminated  in  B  by  coating  the  'ends  of  the  shells 
by  a  wax  wt  or  the  use  of  a  cushion. 

The  grip  surfaces  5  are  sanded  and  as  the  grip  is  of  very  high 
efficiency,  a  minimum  surface  may  be  used  for  mechanical 
reliability.  Since  this  surface  grips  in  all  directions  equally  well, 
there  is  a  tendency  for  the  insulator  to  hold  together  even  when 
badly  damaged  mechanically.  This  is  particularly  important 
for  an  insulator  where  the  parts  are  not  deeply  nested. 

Elasticity  of  the  Cement  Joint 
In  Fig.  8  are  shown  several  types  of  joints  which  are  of  particu- 
lar interest  in  considering  cracking.  In  A  is  shown  the  ordinary 
cement  joint  with  scored  surfaces  held  together  by  cement  C. 
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In  B  and  C  is  shown  an  elastic  or  yielding  insert  r  placed  in  th6 
joint.  In  B  the  possible  movement  would  bfe  greatest  across  the 
joint  and  in  C  lengthwise  of  the  joint.  This  then  is  one  method 
for  regulating  relative  movement  in  the  joint  either  axially  or 
radially. 

Although  a  joint  as  shown  in  B  or  C  will  relieve  any  internal 
stress,  it  is  not  good  for  handling  heavy  loads  and  the  danger  of 
the  insulator  falling  apart  and  dropping  the  line  is  increased,  so 
it  is  not  used  except  in  special  cases. 

The  insulator  joint  will  be  satisfactory  in  so  far  as  it  fulfills 
the  following: 

1.  Minimum  area  for  a  given  grip. 

2.  Absence  of  slipping. 

3.  Elastic  yield  or  ability  to  distribute  a  "heavy  load. 

The  coated  sanded  surface  fulfills  all  these  requirements  to  a 
marked  degree,  as  will  be  seen  by  a  consideration  of  D,  E  and  F. 

By  reference  to  D9  it  is  seen  that  any  force  between  H  and  H1 
must  be  exerted  through  the  small  struts  V.  If  the  force  is  one 
of  compression,  the  stress  in  the  main  members  H  and  H'  will  be 
very  small  compared  to  that  in  the  struts  V,  being  in  inverse 
proportion  to  their  cross  sectional  areas.  If  there  were  a  number 
of  these  struts,  their  area  could  be  so  proportioned  that  they 
would  compress  or  crush  and  limit  the  stress  at  any  point  in  H 
or  H1 .  This  method  of  connecting  the  different  members  would 
prevent  looseness  of  the  parts  and  would  give  a  good  stress  dis- 
tribution in  practically  any  .  direction  for  the  strain  would  occur 
in  the  small  struts  V. 

In  E  is  shown  a  practical  method  of  accomplishing  the  stress 
distributing  feature  of  D.  The  main  insulating  members  H  and 
H'  are  provided  with  ridges  or  projections  t.  If  the  joint  is 
entirely  filled  with  cement,  conditions  will  be  no  better  than  in  A 
so  the  surfaces  are  coated  with  paraffine  or  other  material  W 
which  accumulates  in  the  bottom  of  the  grooves  leaving  the 
points  only  very  thinly  covered.  The  bearing  of  the  cement  is 
then  confined  to  the  tops  of  the  projecting  ridges  or  points  which 
act  in  the  same  way  as  the  struts  in  D.  Under  these  conditions, 
it  is  seen  that  the  stress  per  unit  area  at  the  points  t  and  the 
adjacent  cement  will  be  many  times  that  in  H  or  H'  so  that  the 
joint  will  give  and  relieve  the  main  parts  from  heavy  strain, 
produced  by  unequal  expansion  between  the  parts  or  cement. 

A  low  coefficient  of  elasticity  can  be  obtained  in  E  by  control- 
ling the  size  and  depth  of  the  ridges  or  points  and  the  coating 
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used  to  regulate  the-effective  area  of  contact  between  them  and 
the  cement. 

While  E  fulfills  the  general  requirements,  the  grooves  tend  to 
concentrate  the  stress  and  the  failure  of  a  point  may  start  a 
crack  in  the  body  of  the  piece.  It  also  has  the  further  objection 
in  having  a  small  give  in  the  direction  of  the  joint. 

The  sanded  surface  F  provides  the  projections  similar  to  E, 
but  the  spacefilled  by  the  wax  is  much  greater.  This  joint  not 
only  limits  the  stress  much  better  in  all  directions  but  is  easily 
made  and  is  free  from  the  objectionable  feature  of  scoring. 

Ordinary  surfaces  cannot  be  covered  with  wax  or  paint  to 
relieve  the  stress  unless  the  load  is  very  light,  as  the  bearing 
may  be  concentrated  in  one  or  two  points,  causing  a  low  ultimate 
or  cracking. 


B 

Fig.  9 


By  proper  control  of  the  sanding,  it  is  possible  to  eliminate 
hard  spots  or  undue  concentration  of  stress  in  many  insulators, 
giving  a  higher  ultimate  in  the  suspension  insulators  without 
the  danger  of  cracking. 

Cracking  of  Suspension  Insulators 
The  cracking  of  insulators  was  covered  to  a  large  extent  in  a 
paper  on  Insulator  Depreciation,  December  1914.  This  dis- 
cussion outlined  very  briefly,  the  causes  of  cracking  and  methods 
of  reducing  same.  In  order  to  insure  the  mechanical  reliability 
of  the  insulator,  it  is  advisable  that  the  cap  bear  on  the  flange 
to  prevent  the  escape  of  cement  while  setting.  This  contact 
area  is  shown  at  K  in  Fig.  9.  Cutting  the  cap  with  a  slot  just 
above  this  point  or  the  putting  in  of  new  cement  at  K  showed 
that  the  insulator  could  be  heated  much  higher  without  starting 
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a  crack  at  m.  This  proved  that  the  stress  was  due  to  the  elonga- 
tion of  the  cap  and  expansion  of  the  cement. 

A  higher  assembly  temperature  would  tend  to  eliminate 
cracks  0,  but  would  do  little  good  at  m,  if  the  cement  at  k  ex- 
panded, so  the  first  improvement  was  to  reduce  the  bearing  area 
at  K  using  a  cap  like  that  shown  in  insulator  B.  Insulators 
cemented  in  this  way  stood  many  cycles  between  freezing  and 
boiling  without  showing  damage.  In  practise,  however,  it  was 
found  that  cement  which  filled  in  below  the  cap  would  not 
loosen  and  drop  out;  furthermore,  the  cap  came  in  contact 
not  on  a  45-degree  line  as  intended,  but  out  on  the  flange  in  some 
cases. 

To  insure  positive  relief  at  point  K,  rubber  gaskets  were 
first  used  at  the  lower  edge  of  the  caps,  or  they  were  dipped  or 
painted  with  wax  or  asphaltum  but  various  types  of  paper  felt 
gaskets  were  finally  used.  Some  of  these  gaskets  were  left 
in  and  some  removed,  the  present  practise  being  to  remove  the 
gasket. 

The  present  practise  is  shown  in  B,  Fig.  9.  The  head  of  the 
insulator  is  covered  with  a  wax  or  paraffine  w,  a  disk  C  is  used 
at  the  end  of  the  pin  and  a  gasket  at  G,  the  latter  being  removed 
after  the  cement  has  hardened. 

AH  grip  surfaces  are  sanded  and  a  moderate  assembly  tem- 
perature used  so  that  dangerous  shearing  stresses  will  not  be  set 
up  in  cold  weather.  With  machined  or  highly  refined  caps,  it 
is  possible  to  go  to  very  high  assembly  temperatures.  Without 
these  refinements,  however,  a  high  assembly  temperature  is  not 
advisable. 

The  use  of  the  elastic  sanded  surface  for  limiting  the  stress 
together  with  the  assembly  shown  in  B,  so  materially  improves 
conditions  that  the  danger  of  cracking  is  certainly  very  much 
reduced  or  practically  eliminated  at  least  for  a  very  much  longer 
period. 

The  higher  the  mechanical  ultimate  in  the  insulator,  the  more 
difficult  it  becomes  to  design  or  manufacture  so  as  to  keep  down 
the  internal  stress. 

Although  the  sanded  surface  permits  of  the  design  of  very 
much  higher  ultimates  in  the  cemented  type  of  strain  insulators, 
it  is  probably  best  practise  for  very  heavy  loads  to  use  insu- 
lators which  place  all  the  stress  on  a  wood  or  fiber  core  similar 
to  those  shown  in  Fig.  10.  Insulators  of  this  type  are  in  oper- 
ation on  the  highest  voltages  and  on  loads  up  to  35,000  pounds 
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and  can  be  designed  for  practically  any  mechanical  ultimate 
without  making  the  conditions  any  more  severe  as  to  the 
dielectric. 

While  a  close  selection  is  made  as  to  vitrification,  it  might  be 
well  to  note  that  the  heating  of  the  insulator  will  melt  the  paraf- 
fine  or  wax  on  the  head  of  the  insulator  which  will  impregnate 
the  cement  and  porcelain,  should  it  be  porous. 

Further  refinements  will  be  made  from  time  to  time,  but  it 
would  seem  that  the  present  standard  is  such  that  they  will  have 
to  be  made  without  materially  increasing  the  cost. 

The  coated  sanded  surface  still  offers  refinements  at  minimum 
cost  and  it  would  seem  that  improvements  in  the  near  future 
will  be  along  this  line,  particularly  if  it  seems  necessary  to  provide 
elasticity  in  the  pin  for  better  stress  distribution. 

Absorption 

The  loss  by  absorption  or  porosity  may  vary  widely  on  differ- 
ent systems  and  for  insulators  manufactured  at  different  times. 
Since  most  of  the  porous  material  can  be  detected  by  the 
trained  eye,  the  question  naturally  arises  as  to  the  conditions 
which  permitted  its  installation.  It  is  even  more  important 
to  know  how  this  can  be  guarded  against  in  the  future. 

The  routine  tests  made  on  insulators  up  until  1903  were  made 
with  dry  electrodes  and  were  often  made  on  the  nested  parts 
at  very  low  voltages  as  compared  to  present  practise.  Under 
these  conditions  very  porous  material  would  pass  tests  success- 
fully and  it  is  certain  that  some  lots  of  insulators  included  fifty 
per  cent  of  material  which  would  be  classed  as  porous  with  pres- 
ent standards. 

Although  tests  were  made  from  1903  on,  with  water  inside 
and  outside  the  insulator  parts,  most  of  the  insulator  parts  were 
tested  inside  of  two  minutes  after  applying  the  water  and  then 
packed  and  shipped  to  be  assembled  in  the  field  later  and  in- 
stalled without  further  test.  Under  these  conditions  some  of 
the  poorest  material  was  eliminated  but  large  percentages  of 
insulator  parts  were  frequently  installed  which  furnished  but 
little  insulation  by  the  time  they  were  in  place. 

Much  material  was  installed  as  late  as  1905  which  showed  a 
fifty  per  cent  loss  on  second  test  after  soaking  24  hours.  Most 
of  this  material  was  used  on  wood  construction  and  on  the 
Pacific  coast  where  conditions  were  favorable;  otherwise,  very 
serious  trouble  would  have  resulted. 
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By  the  end  of  1906  tests  had  not  only  been  raised,  but  insula- 
tors were  assembled  in  the  factory  and  were  beginning  to  be 
given  a  final  test.  This  did  much  in  some  instances  to  eliminate 
porous  material,  but  as  assembled  tests  were  seldom  over  70 
per  cent  of  the  flashover  of  the  insulatory  many  pieces  of  porous 
material  could  pass  the  assembled  test  which  would  have  been 
detected  on  a  higher  test  voltage. 

Many  different  designs  were  made  in  the  next  few  years  and 
in  some  instances  desirable  forming  properties  were  developed 
in  the  clay  to  facilitate  manufacture.  These  desirable  properties 
were  developed  at  the  expense  of  vitrification  with  the  result 
that  some  large  lines  were  equipped  with  material  which,  al- 
though standing  a  high  unassembled  part  test,  was  very  weak 
dielectrically  after  installation  on  the  line. 

While  there  was  a  general  improvement  in  the  vitrification 
up  to  1910,  operating  conditions  were  becoming  more  severe, 
which  had  the  tendency  to  offset  this  improvement. 

Thicker  material  was  used  on  parts  to  give  greater  dielectric 
strength,  and  as  it  takes  a  considerably  longer  time  for  absorp- 
tion to  take  place  with  increasing  thickness,  the  greater  weeding 
out  of  the  higher  test  voltages  was  largely  offset. 

Much  of  the  ware  put  out  in  1909  and  1910  showed  a  loss  of 
less  than  two  per  cent  by  absorption  when  examined  several 
years  later,  although  material  was  considered  as  vitrified  over 
approximately  a  four-cone  range,  80  deg.  cent. 

To  obtain  properly  vitrified  material  which  will  not  fail  by 
absorption  it  is  necessary, 

1.  That  the  body  composition  be  such  that  it  will  vitrify  to 
the  extent  that  the  pores  will  be  sealed  against  absorption. 

2.  That  all  material  be  fired  to  the  proper  temperature  and 
time  for  the  body  composition  used. 

To  obtain  the  first  condition  many  checks  are  necessary  in 
order  that  uniformity  be  maintained.  The  general  composition 
may  be  entirely  satisfactory  and  spoiled  in  the  manipulation  due 
to  a  streak  of  off  mixture  from  settling.  This  streak  or  a  path  left 
by  the  burning  out  of  lint  may  absorb  water  and  render  the 
insulator  worthless  later.  Material  improvements  have  been 
made  in  the  compounding  and  working  of  the  clay  in  the  last 
few  years,  so  that  some  of  the  worst  hazards  cause  but  little 
concern  at  the  present  time.  Better  equipment  had  to  be  de- 
signed and  placed  in  operation  to  eliminate  the  most  serious 
cases  of  trouble ,  while  additional  checks  were  used  to  cut  down 
others. 


PLATE  XXIX. 
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Uniform  viscosity  in  the  slip  and  time  of  pumping  the  filter 
presses  were  prime  factors  in  eliminating  streaks  of  off  mixture. 

Firing  or  Burning  op  the  Ware 
The  important  factors  in  obtaining  satisfactorily  vitrified 
ware  are: 

a.  A  means  of  determining  the  firing  history  of  each  individ- 
ual piece. 

Where  a  glaze  is  used  for  the  insulator  which  has  a  wide  range 
of  color  for  a  slight  difference  in  temperature,  the  selection  as  to 
temperature  or  firing  history  is  fairly  easy  for  the  trained  eye. 
Glazes  such  as  slate,  white,  yellow,  caramel  or  Albany  slip  glazes  • 
where  the  calcium  content  is  too  high,  change  little  over  a  wide 
firing  range  and  make  selection  as  to  firing  difficult  or  practically 
impossible. 

b.  A  body  composition  that  is  satisfactorily  vitrified  over  as 
wide  a  temperature  ratige  as  possible. 

In  guarding  against  porous  material,  the  use  of  a  body  com- 
position of  such  range  of  vitrification  that  proper  selection  can 
be  safely  and  economically  made  inside  this  range  is  an  important 
factor. 

c.  Close  control  of  the  firing  of  the  ware. 

Some  body  compositions  have  such  a  very  short  range  of 
vitrification  that  a  selection  extending  not  over  a  range  of  two 
cones  may  include  both  over  and  under  fired  material. 

Only  a  few  years  ago,  the  use  of  a  glaze  which  had  too  uniform 
color  over  a  wide  temperature  range  together  with  a  body  com- 
position of  short  range  of  vitrification,  while  apparently  very 
satisfactory  at  the  time  was  largely  responsible  for  a  consider- 
able number  of  insulators  becoming  bad  through  absorption. 

It  is  always  possible  to  obtain  good  ware  by  selection  where 
factors  a  and  b  are  favorable  although  factor  c  is  anything  but 
good.  Unless  the  firing  control  is  good,  it  is  not  possible  to  make 
a  close  selection  of  ware  without  a  heavy  rejection  which  would 
materially  affect  the  cost. 

Much  work  was  required  to  improve  firing  conditions  so  that 
the  selection  could  be  reduced  from  a  four-cone  range,  80  deg. 
cent.,  to  practically  a  two-cone  range,  40  deg.  cent.  Kilns  had 
to  be  reconstructed  so  as  to  have  less  difference  between  the 
hottest  and  coolest  places,  and  a  method  of  feeding  the  fuel  used 
which  was  largely  independent  of  the  personal  element. 

Recording  mercury  thermometers  were  used  to  indicate  tern- 
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peratures  up  to  1000  deg.  fahr.  These  thermometers  do  not 
control  the  firing,  but  serve  as  a  check  of  the  method  and  give 
data  for  correction  of  same. 

Reference  to  the  chart  in  Fig.  11  shows  that  the  rise  in  tem- 
perature is  tender  perfect  control,  which  is  very  desirable  so  as 
to  eliminate  firing  checks  in  heavy  ware.  In  addition  to  the  ujse 
of  mercury  recording  thermometers  up  to  800  or  1000  deg. 
fahr.,  a  recording  electric  pyrometer  is  used  to  indicate  the  rate 
of  temperature  change  in  firing  and  cooling. 

For  indicating  the  finishing  temperature,  pyrometric  cones 
are  used  and  also  disks  or  rings  whose  shrinkage  can  be  accurately 
measured. 

Fig.  12  shows  a  set  of  records  and  trials  now  used  for  a  single 
firing.  Until  two  years  ago,  the  Seger  cones  and  the  experience 
of  the  kiln  burner  were  the  only  guides  in  firing.  Highly  skilled 
firemen,  even  where  gas  was  used  for  fuel  were  unable  to  pro- 
duce a  satisfactory  result  for  the  narrower  limits  until  a  system 
was  adopted  that  was  largely  independent  of  the  personal  factor. 
Consequently  the  control  was  not  nearly  as  good  as  at  present. 

The  fact  that  much  ware  put  out  some  years  ago  selected  over 
twice  the  firing  range  of  that  at  present  had  an  exceedingly  small 
percentage  of  porous  material,  would  indicate  that  there  is  little 
cause  for  concern  with  present  material,  if  factors  a  and  b  are 
at  all  favorable  and  a  careful  selection  made. 

The  present  practise  of  using  much  thicker  porcelain  tends  to 
minimize  the  danger  due  to  absorption,  for  it  is  possible  that  a 
drying  out  action  may  start  before  moisture  has  extended  entirely 
through  the  part.  The  time  of  complete  penetration  is  controlled 
by  many  factors,  but  may  be  regarded  as  increasing  as  some 
power  of  the  relative  thickness  when  comparing  two  pieces  of  the 
same  vitrification. 

Unless  conditions  are  favorable,  it  is  seen  that  resistance  tests 
which  require  that  moisture  extend  entirely  through  the  piece 
to  detect  porosity  may  require  entirely  too  much  time  unless 
made  on  thin  pieces.  Before  tests  could  be  made  on  thick 
pieces,  they  would  be  on  the  line. 

It  is  the  general  factory  practise  to  depend  largely  upon  dielec- 
tric tests  made  before  and  after  soaking  or  assembly.  These 
tests  indicate  the  point  where  even  slight  absorption  takes  place 
and  the  selection  for  vitrification  is  such  as  to  keep  away  from 
the  danger  point. 
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Tests 

While  a  thorough  discussion  of  tests  is  beyond  the  scope  of 
this  paper,  those  in  general  use  deserve  some  attention. 

With  the  thickness  of  material  used  in  the  present  insulator, 
tests  just  below  flashover  are  hardly  severe  enough.  If,  how- 
ever, the  regulation  of  the  circuit  is  poor  and  the  voltage  is  raised 
so  that  a  violent  flashover  is  produced,  a  very  effective  weeding 
out  of  poor  material  is  obtained. 

The  test  in  Fig.  3  is  of  this  nature,  and  is  undoubtedly  the 
best  all  around  test  method  in  use.  A  few  insulators  or  a  great 
many  can  be  tested  with  certainty,  which  is  no  small  advantage 
where  thousands  of  insulators  have  to  be  tested  daily. 

A  brief  analysis  of  conditions 
in  Fig.  13  will  show  why  this 
test  is  so  efficient  in  detecting 
material  which  is  porous. 

In  A,  the  section  of  an  insula- 
tor is  shown  which  has  absorbed 
moisture  so  that  there  are  two 
wet  zones  1  and  3  adjacent  to 
the  cement  surfaces  with  a  dry** 
zone  2  between. 

The  porous  zones  may  be  re- 
garded as  condensers  and  resist- 
ances in  multiple,  which  are  in 
series  with  a  condenser  repre- 
sented by  the  dry  zone.  The 
arrangement  is  shown  diagramatically  in  B. 

The  impressed  voltage  under  different  conditions  is  shown  in  C. 
t  is  the  voltage  on  the  series  of  zones  at  60  cycles,  the  maximum 
voltage  being  just  under  flashover. 

If  the  voltage  is  raised  until  the  insulator  flashes  the  effective 
voltage  on  the  series  will  be  represented  by  J2. 

The  resistances  fi  and  r#  may  be  very  high  so  that  the  porous 
zones  will  carry  an  appreciable  portion  of  the  total  voltage  on 
the  piece.  Owing  to  the  phase  displacement  of  the  voltage  over 
the  different  zones,  the  dry  zone  will  be  subjected  to  a  large 
percentage  of  the  total  voltage. 

It  is  evident  that  where  h  represents  the  impressed  voltage, 
conditions  will  be  much  more  severe  on  the  dry  zone  for  the 
leakage  over  the  resistance  will  be  greater.  That  this  is  neces- 
sarily true  is  seen,  for  if  the  frequency  was  zero,  zones  1  and  3 


Fig.  13 
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would,  of  course,  carry  no  voltage,  the  entire  voltage  being  con- 
centrated on  zone  2. 

This  shows  that  the  lower  the  frequency  or  the  flatter  the 
wave,  the  greater  the  stress  on  the  dry  zone.  In  t2  the  rise  in 
voltage  is  more  rapid  than  in  t\  which  tends  to  place  a  higher 
stress  on  zones  1  and  3  than  in  /x,  but  owing  to  the  greater  length 
of  time  the  maximum  voltage  is  applied  the  dry  zone  will  also 
receive  more  stress  than  in  t\. 

It  is  evident  that  increasing  the  frequency  to  200,000  cycles 
will  give  little  time  for  the  leakage  of  charging  current  through 
fi  and  fa,  so  that  a  porous  piece  will  act  as  though  it  were  a 
perfectly  good  piece  and  the  chance  of  elimination  on  test  by 
failure  of  the  dry  zone  is  very  much  less. 

In  /2  the  insulator  flashes  and  is  subject  to  several  surges  dur- 
ing each  alternation.  This  affects  the  concentration  of  stress  on 
the  dry  zone  Cj,  but  little,  while  subjecting  the  wet  zones  d  and 
Cz  to  their  proportion  of  the  voltage,  which  they  would  carry  if 
they  were  dry. 

From  this,  it  follows  that  a  test  made  at  normal  frequency  so 
that  the  insulator  flashes  heavily  without  picking  up  a  power 
arc  tends  to  place  maximum  stress  on  all  zones. 

The  fact  that  the  conditions  of  normal  frequency  as  well  as 
high  frequency  are  present  at  the  same  time  undoubtedly  ac- 
counts for  the  effectiveness  of  this  method  of  test  in  eliminating 
material  which  tends  to  become  faulty  under  line  conditions. 

Conclusions 

It  is  hoped  that  the  above  brief  outline  of  insulator  practise 
will  indicate  the  possible  differences  between  an  old  and  a  modern 
insulator,  for  it  would  appear  that  much  concern  is  felt  over 
what  are  chiefly  the  defects  of  old  insulators. 

The  insulator  is  subject  to  many  hazards  and  as  the  design  is 
a  compromise  at  best,  it  is  not  surprising  that  certain  properties 
should  be  developed  at  the  expense  of  others.  It  is  gratifying, 
however,  to  note  that  the  chief  troubles  have  been  along  lines 
not  looked  for. 

The  rapid  development  of  the  art  has  rendered  much  trans- 
mission apparatus  obsolete,  and  the  insulator  is  by  no  means  an 
exception.  When  in  addition  to  this,  we  take  into  consideration 
that  little  is  generally  known  even  at  the  present  time  as  to  the 
conditions  under  which  the  insulator  has  to  operate  and  the 
necessary  properties  in  same  to  withstand  these  conditions,  it 
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is  surprising  that  the  insulator  has  reached  its  present  state  of 
perfection. 

It  has  been  a  number  of  years  since  the  operating  voltage  has 
been  limited  by  the  insulator,  and  the  performance  of  many 
lines  put  in  during  recent  years  shows  that  the  modern  insulator 
has  more  than  justified  expectations  even  in  the  face  of  higher 
standards  of  operation  and  increasing  severity  of  line  conditions 
due  to  the  growth  of  the  system  or  mechanics  of  the  line. 

The  fact  that  the  design  is  a  compromise  calls  for  the  most 
careful  thought  in  the  design  and  manufacture,  and  the  success- 
ful line  will  be  constructed  with  insulators  which  h^ye  been  im- 
proved along  lines  which  are  shown  to  be  necessary  by  time  and 
experience  rather  than  along  radical  lines  that  may  incorporate 
elements  which  will  cause  serious  trouble  in  unlooked  for  quarters 
after  a  few  years  operation. 

It  is  much  easier  to  locate  the  cause  of  trouble  than  it  is  to 
effect  a  cure,  for  the  insulator  works  on  exceedingly  narrow 
margins,  and  it  is  difficult  to  find  a  means  of  strengthening  the 
insulator  for  one  set  of  conditions  without  materially  affecting 
another. 

It  is  well  to  note  that  the  above  paper  deals  chiefly  with  the 
means  which  have  been  employed  to  eliminate  some  of  the  worst 
defects  without  sacrificing  the  properties  in  other  respects  proven 
to  be  good. 

The  abnormally  low  depreciation  and  successful  performance 
of  well  insulated  lines  under  the  severest  conditions  show  that 
the  modern  insulator  is  very  successful  compared  to  the  earlier 
product,  and  if  properly  made,  the  standard  is  such  that  further 
improvements  are  not  warranted  if  they  greatly  increase  the 
cost. 

For  old  lines,  it  is  well  to  consider  the  increasing  hazard  with 
time  due  to  an  increasing  rate  of  depreciation.  To  maintain  a 
given  standard  of  performance,  it  is  then  necessary  to  either 
split  up  the  system  into  smaller  sections  as  the  line  becomes 
older  or  to  go  over  the  line  at  decreasing  intervals  of  time  to 
remove  the  faulty  material.  It  is  possible  that  considerable 
benefit  can  be  obtained  on  some  systems  by  putting  the  old  in- 
sulators through  a  temperature  cycle,  as  well  as  the  usual  tests, 
to  eliminate  faulty  material. 

The  fact  that  some  of  the  weakest  points  in  the  insulators  were 
greatly  improved  by  design  or  manufacture  without  materially 
affecting  the  cost,  did  much  to  insure  progress  for  a  considerat 
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period  when  troubles  were  only  occasionally  noticeable.  The 
present  situation  shows  that  these  improvements  give  every 
promise  of  being  not  only  very  valuable,  but  necessary  for  a 
long  life  and  are  worth  many  times  the  effort  required  to  pro- 
duce same. 
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Discussion  on  "The  Insulator  Situation"  (Peasleb), 
"Expansion  Effects  as  a  Cause  of  Deterioration  in 
Suspension  Type  Insulators"  (Brundige),  and  "Present 
Practise  in  the  Design  and  Manufacture  of  High- 
Tension  Insulators"  (Austin),  New  York,  June  27, 
1917. 

Harris  J.  Ryan  (Abstracted  by  J.  C.  Clark):  The  rate  of 
failure  of  the  cap-and-stud  type  of  suspension  insulators  by 
cracking  in  the  porcelain  caps  is  due  largely  to  two  temperature 
factors,  namely: 

1.  The  range  of  temperature  through  which  the  insulators  are 
carriecl  by  heat  from  the  sun  or  atmosphere. 

2.  The  total  number  of  temperature  cycles  that  the  insulators 
have  been  put  through. 

To  understand  this  better,  consider  what  happened  to  a  par- 
ticular batch  of  insulators  that  were  received  from  the  factory 
in  1912.  This  batch  numbered  166.  It  was  divided  into  two 
lots;  those  of  the  one  lot  numbered  74  and  were  labeled  A;  the 
others  numbered  92  and  were  labeled  1-13  A.  They  are  listed 
in  the  first  two  columns  of  Table  I.  On  delivery,  those  of  the 
A-lot  were  stored  four  years  in  a  place  where  they  had  undergone 
only  slight  changes  in  temperature  from  day  to  day  and  from 
season  to  season;  those  of  the  1-13  A-lot  were  placed  in  service 
four  years  on  a  transmission  line  where  the  sun  and  atmosphere 
put  them  through  daily  cycles  of  temperature  changes  and 
further  changes  in  temperature  from  season  to  season.  After 
the  four  years,  i.e.,  in  June  1916,  all  were  sent  to  the  laboratory 
for  durability  studies.  High-duty  megger  tests  prior  to  De- 
cember first,  1916,  determined  no  failures  among  the  A's  and  8 
failures,  or  8.7  per  cent  among  the  1-13  A's.  Tests  by  60-cycle 
spark-over  voltage  (much  as  specified  in  Mr.  Austin's  present 
paper)  applied  for  10  seconds  or  less,  Nov.  29  and  Dec.  5,  1916, 
caused  no  failures  among  the  A's  and  7  failures,  or  7.6  per  cent 
among  the  1-13  A's.  None  of  the  74  A's  and  of  the  surviving 
77  1-13  A's  appeared  to  be  porous  to  an  appreciable  extent. 
They  seemed  to  be  sound  in  all  essential  respects. 

On  the  conclusion  of  these  preliminary  tests,  both  lots  were 
placed  on  the  ground  in  the  laboratory  yard,  caps  down,  disks 
horizontal  and  left  to  "weather."  Effects,  if  any,  caused  by 
changes  in  the  cement  due  to  absorption  and  evaporation  of 
moisture  were  maintained  active  by  the  winter  rains.  In  their 
absence  water  was  poured  into  the  stud  cavities  from  which  it 
evaporated,  twice  each  week.  The  minimum  winter  and  maxi- 
mum summer  temperatures  to  which  they  have  thus  been  sub- 
jected were  about  0.0  and  50  deg.  cent.,  respectively.  The 
daily  temperatures  ranged  through  a  few  degrees  minimum  to 
about  35  deg.  cent,,  maximum.  When  this  yard  treatment  had 
extended  through  192  days  for  the  A,  and  196  for  the  1-13 
A-lots  they  were  retested  by  megger  and  60-cycle  spark-ove 
voltage.    Again  none  of  the  A-lot  failed  while  2  failed  by  meggc 
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and  6  through  the  caps  and  2  through  the  disks  failed  under 
spark-over  voltage,  making  a  total  of  10  failures,  or  13  per  cent, 
for  the  1-13  A-lots,  due  to  the  yard  treatment.  The  total  fail- 
ures as  a  result  of  all  tests  was  0.0  per  cent  for  the  A's  and  27.2 
per  cent  for  the  1-13  A's,  and  of  these  25  per  cent  failed  in  a 
manner  to  indicate  that  the  ultimate  cause  was  cracking  in  their 
porcelain  caps. 

Remembering  that  the  two  lots  were  alike  originally,  and  that 
their  yard  treatments  were  simultaneous  and  identical,  the 
immunity  from  loss  for  the  A-lot  and  the  heavy  loss  for  the  1-13 
A-lot  present  a  difference  in  durability  that  must  be  due  to 
differences  in  their  treatments  during  the  four  years  that  occurred 
after  they  were  delivered  by  the  factory  and  before  they  were 
received  at  the  laboratory.  Those  of  the  A-lot  were  stored  in 
the  dry  at  a  nearly  even  temperature.  The  1-13  A-lot  were  in 
service  on  the  line  subjected  to  electrical  and  mechanical  loading 
stresses,  to  temperature  changes  produced  by  the  sun  and  at- 
mosphere and  to  moisture  more  or  less  salt  laden.  Megger 
tests  showed  no  evidences  of  failure  due  to  moisture  absorption 
by  the  porcelains.  Mr.  Peek  has  called  our  attention  to  Mr. 
Nicholson's  having  found10  by  increasing  the  mechanical  loads 
applied  to  suspension  insulators  from  45  to  80  per  cent  of  the 
ultimate  that  a  corresponding  increase  occurred  in  the  percent- 
ages which  punctured  from  5  to  80  per  cent.  He  found  that  all 
punctured  on  the  application  of  flash-over  voltage  as  the  ulti- 
mate mechanical  load  was  approached.  No  transmission  engi- 
neer has  brought  forward  definite  results  showing  that  the 
ordinary  mechanical-loading  stresses  cause  these  insulators  to 
fail.  Much  evidence  exists  which  indicates  that  failures  are 
rarely  caused  by  such  loading  stresses.  An  engineer  in  charge 
of  one  of  our  largest  100-kilovolt  transmissions  said  recently 
that,  strange  as  it  may  seem,  those  insulators  which  were  left 
on  the  lines  without  mechanical  loads  have  shown  a  greater 
percentage  of  failures.  There  are  numerous  reliable  results 
which  show  conclusively  that  few  sound  insulators  of  the  type 
and  form  here  considered  are  injured  electrically  in  service. 
When  thus  injured,  most,  if  not  all,  are  easily  detected  by  in- 
spection and  laboratory  tests.  For  example,  it  is  well  under- 
stood that  the  voltage  duty  carried  by  the  insulator  next  to  the 
line  is  highest,  that  it  diminishes  as  the  position-distance  of  the 
insulator  unit  from  the  line  conductor  increases  to  about  one- 
half  of  the  highest  value  for  the  insulator  unit  that  is  adjacent 
to  the  tower.  Contrary  to  this  arrangement  of  voltage  duties, 
Mr.  John  A.  Koontz  found  that  the  insulator  units  located  next 
to  the  100-kilovolt  line  conductors  in  suspension  strings  fail  at 
the  lowest  and  those  next  to  the  towers  fail  at  the  highest  rates. 

It  is  to  be  remembered  herein  that  all  of  the  units  in  a  suspen- 
sion string  project  into  the  shadows  cast  by  those  above  ther 
except  the  one  next  to  the  tower  which  is  exposed  to  the  fi 
heating  effect  of  the  sun,  that  the  one  next  to  the  line  conduct 
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put  through  prior  to  such  yard  treatment.  The  indication  is, 
therefore,  that  when  the  insulators  which  are  liable  to  fail  by 
cracking  have  been  put  through  1000  ±  cycles  of  temperature 
changes  ranging  to  10  =b  deg.  cent.,  they  will  fail  by  cracking  at  an 
accelerating  high  rate.  We  may  call  this  result  thermal  fatigue, 
since  many  temperature  variations  in  the  insulators  have  pro- 
duced changes  of  some  sort  in  their  makeup,  so  that  they  will 
fail  rapidly  when  the  temperature  changes  are  continued.  The 
results  in  Table  I  were  obtained  through  durability  studies  that 
were  begun  at  Stanford  for  the  California  Power  Companies  one 
year  ago.  *'8»4»9.  This  table  is  virtually  an  extension  of  Table  I 
of  the  paper  by  Clark  that  appeared  in  the  Trans.,  1916,  p.  1453.a 
In  Clark's  table  and  on  the  photographs,  therewith,  the  insu- 
lators and  their  manufacturers  were  distinguished  by  corres- 
ponding letters.  With  the  addition  of  the  LA  and  S-lots,  the 
insulators  and  results  that  are  listed  herewith  in  Table  I  are  the 
same  as  those  listed  in  Clark's  table  and  are  distinguished  by 
the  same  letters.    The  results  as  a  whole  may  now  be  considered. 

Origin  and  Age  of  Insulators.  The  same  manufacturer  fur- 
nished the  A,  S  and  1-13  A-lots  in  1912,  C  lots  in  1913  and  the 
J-lots  in  1916.  They  are  identical  in  make-up  except  that  in 
the  J's  the  cement  for  attaching  the  metal  caps  and  studs  was 
applied  for  a  portion  of  the  length,  only,  of  the  porcelain  caps 
obviously  for  the  purpose  of  reducing  thermal  expansion  stresses. 
Another  manufacturer  furnished  the  LA,  BL  and  B-lots  in  1912, 
1913  and  1916  respectively.  These  lots  are  identical  except  for 
the  hardware  of  the  LA's  which  had  been  altered  so  as  to  shorten 
the  pitch-length  and  to  provide  arcing  beads  at  the  base  of  the 
metal  caps.  The  G  and  H-lots  were  furnished  by  another 
maker  in  1908  and  1916  respectively  and  are  essentially  the  same 
in  form  and  construction.  Another  manufacturer  furnished  the 
Qi  and  Q2  lots  in  1916.  They  were  identical  except  that  the 
caps  in  those  of  the  former  were  two-thirds  of  the  length  of  the 
latter. 

Service,  Location  and  Extent.  The  insulators  in  the  1-13  A, 
BL  and  G-lots  were  placed  in  service  shortly  after  their  receipt 
from  their  manufacturers,  on  100-kilovolt  lines,  mainly  at  low  al- 
titudes in  central  California  with  moderate  temperature  changes. 
They  were  in  service  four,  three  and  six  and  one-half  years  re- 
spectively, prior  to  their  arrival  at  the  laboratory.  Those  of 
the  C-lot  were  in  service  three  years  on  a  100-kilovolt  line  mainly 
at  low  altitude  in  southern  California  with  less  moderate  tem- 
perature changes;  and  of  the  S-lot,  three  years,  on  a  60-kilovolt, 
high-altitude  line  in  southeastern  California  with  extreme  tem- 
perature changes. 

Storage,  Location  and  Temperature  Changes.  Those  of  the 
A-lot  were  stored  at  a  temperature  "that  varied  but  little"  in  a 
boiler  house  in  the  bay  region  of  central  California  for  four  years; 
i.e.,  from  the  time  of  their  receipt  from  the  manufacturer  to  a 
year  ago  when  they  were  sent  to  the  laboratory.    Those  of  the 
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LA-lot  were  left  four  years  in  crates  and  corded  in  the  open  in 
southern  California  where  there  is  a  succession  of  hot  rainless 
summers  and  where  they  were  subjected  to  severe  daily  and 
seasonal  temperature  variations.  The  BL's,  J's,  H's  and  Q's 
were  not  stored  having  been  delivered  at  the  laboratory  a  year 
ago  direct  from  their  makers.  The  G's  were  in  service  six  and 
one-half  years,  in  storage  with  moderate  temperature  variations 
one  and  a  half  years,  and  then  delivered  to  the  laboratory  a 
year  ago. 

Results  in  Regard  to  Porosity.  No  insulators  that  appeared 
to  be  porous  were  given  this  yard  treatment.  Although  al- 
ternately wet  and  dry  during  most  of  two  hundred  days  in  the 
yard  none  altered  its  insulation  resistance  in  a  manner  to  indicate 
porosity  of  its  porcelain.  Furthermore,  in  advance  of  such  yard 
tests,  few  in  these  lots  had  failed  because  of  porosity.  It  must 
be  remembered  that  they  were  selected  by  their  contributors 
and  sent  to  the  laboratory  for  durability  studies  on  the  general 
understanding  that  they  were  sound  and  fully  fit  for  service. 

Results  as  to  Failures  Caused  by  Cement.  Although  the  cement, 
particularly  around  the  studs,  was  subjected  to  many  cycles  of 
water  absorption  and  evaporation,  no  results  so  far  have  been 
obtained  to  indicate  that  the  swelling  of  the  cement  and  its 
thermal  expansion  are  important  factors  in  bringing  about  the 
failure  of  these  insulators.  If  any  had  failed  from  either  or  both 
of  these  causes,  some  of  them  would  have  been  found  among  the 
A,  B  or  G-lots  which  differed  from  the  rest  only  by  not  having 
been  fatigued  with  temperature  changes. 

Results  in  Relation  to  Failures  Due  to  Mechanical  Loading. 
None  of  the  insulators  under  our  observation  failed  in  a  manner 
that  indicated  the  initial  cause  to  be  ordinary  or  moderate 
mechanical  loading.  Next  to  the  highest  percentage  of  failures 
was  encountered  in  a  lot  that  had  carried  no  mechanical  loads 
after  leaving  the '  factory.  On  the  other  hand  almost  the 
lowest  percentage  of  failures  occurred  in  the  batch  that  had 
carried  a  100-kilovolt  line  in  actual  service  for  6.5  years.  As 
already  stated  Mr.  Nicholson  found  four  years  ago  that  high 
mechanical  loads  will  cause  many  suspension  insulators  to  punc- 
ture on  the  application  of  flash-over  voltage.  This  in  the  light 
of  the  facts  now  presented,  is  a  result  to  be  expected.  If  cracks 
in  the  porcelain  caps  are  deepened  by  temperature  changes  and 
the  mechanical  stresses  they  induce  if  would  seem  that  heavy 
mechanical  loads  should  produce  much  the  same  result.  It  is 
evident  that  Mr.  Nicholson's  studies  should  be  continued  so  as 
to  obtain  the  combined  effects  of  temperature  changes, 
mechanical  loads  and  applications  of  flash-over  voltage.  It 
may  well  be  that  high  mechanical  loads  and  numerous  and  wide 
temperature  changes  will  cause  many  of  the  suspension  insu- 
lators now  in  common  use  to  fail  rapidly. 

Results  as  to  Failure  by  Cracking.  All  failures  under  tests  that 
followed  the  yard  treatment  were  observed  to  be  due  to  cracking. 


570 


INSULA  TORS 


[June  27 


Of  the  92  that  failed  in  a  total  of  786  after  yard  treatment,  the 
high-duty  megger  f ound  5  (porosity  or  non-porosity  thereof  not 
yet  fully  determined)  and  the  application  of  spark-over  voltage 
for  ten  seconds  or  less  caused  6  to  fail  through  local  cracks  in  the 
disks,  and  the  remaining  82  to  fail  through  cracks  in  their  caps. 
(When  an  insulator  failed  under  the  spark-over  test  immediately 
after  it  was  found  to  possess  a  normally  high  insulation  resistance 
the  result  was  assumed  to  be  due  to  cracking.)  Thus  of  the 
93  that  failed  after  yard  treatment,  88  are  known  to  have  failed 
through  cracking,  and  it  is  likely  that  further  study  will  reveal 
that  most  if  not  all  of  the  remaining  5  failed  through  tfce  same 
cause. 

That  this  large  amount  of  failure  through  cracking  was  due  to 
a  form  of  "fatigue"  brought  on  by  a  large  number  (1000±)  of 
cycles  of  temperature  ranges  of  10db  deg.  cent,  is  determined 
specifically  as  stated  in  the  beginning  by  the  results  obtained 
from  the  A  and  1-13  A-lots.  While  the  A's  lost  none,  the  1-13 
A's  lost  13  per  cent  after  a  yard  treatment  of  196  days  due  as 
we  have  seen  to  the  fact  that  the  former  had  endured  only 
200  db  temperature  cycles  while  the  latter  had  gone  through 
1700  db  cycles.  Other  factors  than  cyclic  temperature  changes, 
which  might  be  assumed  to  account  for  such  results,  have  been 
eliminated. 

The  B's  and  BL's  have  duplicated  the  results  obtained  from 
the  A's  and  1-13  A's  except  that  the  B's  are  a  year  and  the  BL's 
four  years  old.  Both  came  to  the  laboratory  a  year  ago,  the 
B's  direct  from  the  factory  and  the  BL's  from  a  power  line  after 
three  years  of  service.  They  differed  during  yard  treatments  of 
189  and  186  days  respectively  only  in  the  age  of  their  porcelains 
and  cements.  The  results  from  the  A's  and  1-13  A's  have 
demonstrated  that  difference  in  age,  as  such,  can  not  be  much 
of  a  factor  where  there  is  so  little  difference  in  design  as  that 
found  herewith.  If  the  difference  in  the  ages  o£  the  cements  is 
neglected  as  a  factor  then  it  is  seen  that  the  comparison  of  the 
results  by  yard  treatment  of  the  B's  and  BL's  forces  the  same 
conclusion;  viz.,  that  they  are  of  a  type  and  make  of  insulator 
that  failed  rapidly  by  cracking  produced  by  temperature  changes 
after  they  have  been  put  through  1000  db  cycles  of  temperature 
changes,  the  failures  having  been  0.0  per  cent  for  the  B's  and  21.5 
per  cent  for  the  BL's. 

The  results  from  the  LA's  insist  upon  the  same  conclusion. 
Twelve  thousand  of  them  were  stored  in  such  a  manner  that 
they  underwent  in  southern  California  1500  =b  less  moderate 
temperature  cycles  than  those  produced  by  the  sun  at  low  alti- 
tudes in  central  California.  At  the  close  of  such  storage  they 
were  found  to  have  lost  by  ordinary  megger,  5  per  cent  and  by 
one-minute,  50-cycle,  flash-over  voltage  test,  16  per  cent  or  a 
total  of  21  per  cent.  Out  of  a  batch  of  those  that  survived  these 
tests  and  were  sent  to  the  laboratory  last  fall  98  were  tested. 
Two  were  found  to  have  failed  by  high-duty  megger  and  17 
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failed  on  the  application  of  10-second  spark-over  voltage,  making 
a  total  of  19  insulators  or  19.4  per  cent.  These  laboratory  tests 
were  made  early  in  November,  1916,  while  the  megger  and  one- 
minute  flash-over  tests  at  the  place  of  storage  had  been  made 
during  the  preceding  July,  an  interval  of  100  ±  days.  The 
numerous  failures  through  initial  laboratory  tests  were  mani- 
festly due  to  the  remaining  severe  summer  temperature  cycles 
over  and  above  the  preceding  1500  =b  cycles  that  this  lot  of 
insulators  had  been  through.  After  yard  treatment  from  No- 
vember 9,  1916  to  March  3,  1917,  affording  114  moderate  tem- 
perature cycles  due  to  that  many  mild  winter  days,  the  spark- 
over  test  caused  5  per  cent  to  fail.  From  March  3  to  June  20, 
110  more  days  of  severer  temperature  cycles,  thermal  fatigue 
progressed  so  that  the  spark-over  tests  at  the  close  of  this  period 
caused  21.5  per  cent  more  to  fail.  Thus  it  is  seen  that  the  less 
moderate  spring  and  early  summer  temperature  cycles  caused 
the  insulators  in  this  LA  lot  to  deteriorate  at  a  rate  that  was 
more  than  four  times  the  corresponding  rate  for  the  more 
moderate  temperature  cycles  of  the  preceding  winter. 

Of  the  C's,  after  3  years  of  100-kilovolt  line  service  under  the 
less  moderate  temperature  cycles  in  the  lower  altitudes,  one 
failed  on  megger  test  and  12  by  60-cycle  spark-over  voltage,  a 
total  of  16  per  cent,  immediately  in  advance  of  the  yard  treat- 
ment. After  168  days  in  the  yard  5  insulators,  or  7.2  per  cent 
of  the  number  treated  in  the  yard,  failed  on  spark-over  test. 
Of  the  S's  after  three  years  in  service  on  60-kilovolt  lines  at 
higher  altitudes  and  severe  temperature  cycles,  one  by  megger 
and  10  by  spark-over,  total  11  per  cent,  failed  immediately  in 
advance  of  the  yard  treatment.  After  129  days  of  such  treat- 
ment 2  failed  by  megger  and  22  by  flash-over,  a  total  of  26.4 
per  cent  of  those  treated. 

It  is  especially  to  be  remembered  that  the  A's,  1-13  A's,  C's 
and  S's  are  identical  in  make  and  nearly  so  in  age,  that  the  A's 
from  even-temperature  storage  lost  none,  and  the  rest  from  ser- 
vice with  its  temperature  changes  lost  heavily  under  the  yard 
treatments,  and  that  other  factors  that  might  be  assumed  to 
account  for  these  results  have  been  shown  to  be  almost  wholly 
absent  in  the  circumstances. 

The  foregoing  insulators,  thotigh  of  two  different  makes,  are 
evidently  in  much  the  same  class  as  to  cracking.  All  were  found 
to  have  a  certain  liability  to  fail  through  cracking  after  en- 
countering 1000  =t  temperature  cycles.  The  remaining  Q  — Q2> 
J  and  G — H  lots  are  in  differing  classes  of  their  own  in  respect 
to  thermal  fatigue  or  cracking.  The  Q's  had  not  been  in  ser- 
vice, came  to  the  laboratory  direct  from  the  factory  and  promptly 
developed  thermal  fatigue  and  failure  by  cracking.  They  came  in 
two  varieties  distinguished  by  the  length  of  their  caps,  the  Qi's 
having  two-thirds  the  length  of  the  Q2's  In  advance  of  the  yard 
treatment  of  235  days  none  of  the  QTs  failed  by  megger  or  spark- 
over  and  thereafter  4  insulators,  or  8.5  per  cent,  failed  by  spark- 
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over.  Correspondingly  for  the  Q%s%  three  failed  in  advance  and 
9  insulators,  or  20.4  per  cent,  failed  thereafter.  These  results 
are  of  value  showing  that  the  short  caps  in  surrendering  some 
ultimate  mechanical  strength  have  gained  considerably  in  dur- 
ability during  the  first  year  following  their  manufacture. 

The  J's  have  the  same  manufacturer  as  the  A's,  1-13  A's,  C's 
and  S's.  Outwardly  the  porcelains  appear  to  be  much  the  same 
in  all.  The  J's  differ  from  the  rest,  however,  in  some  departures 
in  design  and  assembly  that  have  evidently  been  made  with  a 
view  to  lessening  the  failures  due  to  thermal-expansion  strains. 
They  arrived  at  the  laboratory  a  year  ago,  encountered  no  fail- 
ures in  advance  of  a  yard  treatment  of  200  days  and  thereafter 
two  of  them,  or  2.2  per  cent,  failed  on  spark-over  test.  It  is  of 
particular  interest  to  note  here  that  these  insulators  have  not  as 
yet  made  as  good  a  durability  record  as  have  the  older  A's  from 
the  same  manufacturer. 

The  G-lot  were  purchased  9  years  ago.  They  were  in  service 
on  a  100-kilovolt  line  for  6.5  years,  and  then  stored  for  1.5  years 
before  their  arrival  at  the  laboratory  a  year  ago.  They  are 
among  the  earliest  insulators  employed  for  100-kilovolt  trans- 
mission on  the  Pacific  coast  and  are  of  the  so-called  flat  disk 
type.  Microscopic  sections  were  made  of  porcelains  taken  from 
each  kind  of  insulator  mentioned  in  these  tables.  Such  sections 
have  been  examined  in  the  field  of  the  polarizing  microscope 
under  the  guidance  of  Dr.  A.  F.  Rogers,  Professor  of  Mineralogy 
and  knowledge  gained  through  the  available  technical  papers.5'6. 
Studies  are  being  made  also  of  the  mechanical  designs  of  these 
insulators.  The  porcelain  in  the  G-lot  of  insulators  differs  some- 
what from  the  porcelains  in  the  other  lots,  listed  in  Table  I.  Its 
grains  of  flint  are  finer  and  more  uniform  in  size  and  distribu- 
tion. The  temperature  of  burning  appears  higher,  though  we 
are  not  sure  of  this  as  yet.  It  stands  lowest  in  abrasion  and 
almost  the  highest  in  hardness  as  determined  by  tests  made  in 
the  materials  laboratory  by  Mr.  W.  L.  Parker.7  Although 
designed  about  ten  years  ago  the  caps  and  hardware  of  these 
insulators  were  so  formed  that  the  mechanical  stresses  produced 
by  temperature  changes  may  have  been  less  than  in  the  general 
run  of  later  designs.  To  date,  although  by  far  the  oldest,  these 
insulators  are  showing  the  best  all-around  durability  character- 
istics of  those  that  have  been  received  at  the  laboratory.  Ex- 
ception hereto  is  made  of  course  for  the  latest  makes  wherein 
there  has  not  been  time  enough  as  yet  to  develop  the  facts  as  to 
durability.  So  far  none  have  been  lost  among  this  G-make  of 
insulators  after  a  yard  treatment  of  201  days.  The  insulators 
in  the  H-lot  are  the  same  in  design  and  make-up  except  that 
they  were  received  from  the  factory  one  year  ago. 

In  studying  these  results  as  a  whole  in  relation  to  the  design 
and  make-up  of  the  insulators  from  which  they  were  obtained 
it  is  not  apparent  that  faults  in  design  are  the  only  cause  of 
thermal  fatigue  or  cracking;  it  is  apparent  to  a  limited  extent 
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that  the  qualities  of  the  porcelains,  cements  and  methods  of 
assembly  are  also  causes  for  the  extent  of  this  large  class  of 
insulator  failures.  No  studies  have  been  made  as  yet  in  the 
reduction  of  ultimate  mechanical  strength  that  occurs  when  the 
maker  seeks  to  lessen  the  mechanical  stresses  due  to  temperature 
changes.  This  is  a  matter  of  importance  as  Mr.  Austin  demon- 
strates. 

It  is  a  matter  of  speculation  as  to  whether  the  cracks  in  the 
porcelain  caps  or  disks  were  started  and  deepened  by  temper- 
ature changes  or  existed  in  the  porcelains  in  advance  (through 
faults  occurring  in  manufacture)  and  were  subsequently  deepened 
by  temperature  changes.  There  are  evidences  to  support  either 
assumption  and  perhaps  both  may  be  correct.  If  the  former 
assumption  only  is  correct  the  remedy  for  cracking  is  to  be 
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looked  for  in  design;  if  the  latter  only  is  correct  the  remedy  is  to 
be  found  by  improving  the  porcelain ;  and  if  both  are  correct 
the  remedy  will  require  the  adoption  of  both  expedients. 

The  times  in  seconds  of  application  of  60-cycle  spark-over 
voltage  in  relation  to  the  numbers  of  insulators  of  the  several 
lots  that  failed  in  advance  of  and  after  the  close  of  the  yard 
treatment  are  plotted  in  Fig.  1.  The  corresponding  integral 
failures  are  plotted  in  Pig.  2  showing  all  of  the  failures  that  occur- 
red under  the  spark-over  test  applied  for  any  interval  of  time  of 
10  seconds  or  less. 

The  conclusion  herewith  was  stated  at  the  beginning,  and  in 
effect  thus:  The  rate  of  failure  of  suspension  insulators  of  the 
cap-and-stud  type,  by  cracking,  is  due  largely  to  the  number  and 
range  of  natural  temperature  cycles  that  they  have  been  put 
through: 
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The  third  paragraph  of  the  Brundige  paper  constitutes 
virtually  a  discussion  of  the  recent  papers  on  insulators  by 
Woodbridge,  Clark  and  Ryan.2'a»4.  Exception  is  taken  to  the 
statement  of  the  author  that  we  "have  quite  definitely  taken  the 
stand  that  practically  alt  insulator  deterioration  is  ultimately 
attributable  to  porosity".  The  stand  as  actually  taken  was 
quite  different  as  anyone  may  see  in  reading  the  conclusions 
stated  in  those  papers,4  viz:  "Recognition  of  porosity  as  a  con- 
tributing cause  of  suspension  insulator  failures  has  not  lessened 
the  importance  of  design  features  that  reduce  cracking  through 
differential  thermal  expansions  and  failure  through  electrical 
overstresses  and  the  heat  of  heavy  flash-overs."  A  year  ago 
when  our  present  laboratory  studies  were  undertaken  it  was 
known  through  the  earlier  Brundige  paper8  and  the  experience  of 
transmission  engineers  generally  that  the  great  majority  of 
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suspension  insulators  which  failed  .were  cracked  in  the  caps. 
Abundant  evidences  were  also  at  hand  which  showed  that  the 
qualities  of  porcelain  and  cement  are  factors  that  bring  about 
failure  by  cracking  or  otherwise  as  well  as  the.  thermal-me- 
chanical effects. 

To  segregate  these  factors,  studies  were  first  made  of  the 
qualities  of  the  porcelain  used  in  the  construction  of  a  variety 
of  suspension  insulators  in  fair  numbers  with  all  means  then 
available.  Spark-over  tests  were  not  employed  because  of  the 
need  of  knowing  as  much  as  possible  about  the  qualities  of  the 
porcelains  before  injuring  many  of  them  by  the  application  of 
high  voltage.  This  order  of  studies  was  adopted  also  to  develop 
the  meaning  of  results  by  megger  test.  The  papers  were  pre- 
pared in  October  and  November,  1916,  and  covered  the  initial 
laboratory  studies  just  specified.  We  were  wholly  unprepared 
to  estimate  the  relative  proportions  of  insulators  that  fail  from 
— *  cause  or  another  and  we  made  no  effort  to  do  so.    Later  on 
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we  have  undertaken  to  determine  effects  due  to  thermal-me- 
chanical actions  subject  to  control  by  design  and  setting-up. 

The  present  papers  have  their  origin  in  the  transmission  prac- 
tise, the  research  laboratory  and  the  factory.  They  are  of  high 
value.  Strangely  enough  the  practise  paper  lowers  and  the 
factory  paper  raises  the  estimate  of  the  importance  of  the 
quality  of  porcelain  for  high-voltage  insulators.  This  is  the 
result  of  an  oscillation  that  has  occurred  in  the  process  of  each 
coming  to  the  point  of  view  of  the  other  and  going  a  little  beyond. 
Let  there  be  no  mistake, — porcelain  to  be  used  for  the  cap-and- 
stud  type  of  suspension  insulators,  must  be  non-porous,  tough 
and  strong  as  indicated  in  the  factory  paper.  Likewise  dur- 
ability improvements  have  surely  been  made  in  these  insulators 
when  the  mechanical  stresses  in  the  porcelain  produced  by 
temperature  changes  have  been  materially  lessened  without 
losing  ground  seriously  on  other  accounts.  ' 

In  testimony  of  the  value  of  Mr.  Austin's  glaze-color  method 
for  scaling  the  degree  of  burning  applied  to  each  individual 
insulator  piece,  the  following  results  of  tests  are  given:  Four 
unmounted  suspension  insulators  were  received  from  the  factory 
that  illustrated  clearly  the  way  the  method  works  out  in  practise. 
They  were  labeled  A,  B,  C  and  D  in  the  order  of  their  degree  of 
burning  and  color  strength,  A  and  C  being  the  darkest  and 
lightest  in  color  and  burned  to  the  highest  and  lowest  temper- 
atures, respectively.  They  were  tested  for  absorption  or  por- 
osity by  noting  the  rise  in  temperature  produced  by  a  5-minute 
application  through  the  caps  of  10  kilovolts  at  325,000  cycles, 
undamped,  using  mercury  electrodes  without  corona  formation. 
These  radio-frequency  tests  were  made  before  and  after  brief 
periods  of  immersion  of  the  outer  surfaces  of  the  caps  in  potable 
water.  A  few  high-duty-megger  measurements  were  made  to 
note  any  relation  that  might  exist  between  degree  of  burning  and 
insulation  resistance.  Except  where  the  porosity  is  very  great 
no  changes  in  insulation  resistance  would  be  produced  by  a  few 
hours  of  water  immersion: 


TABLE  III. 


On  arrival 

After  11.5 
hrs.  water 
immersion, 
rise  in 
temp, 
deg's  C. 

After  total  of  16.5 
hrs.  water  immersion 

Shade 

Rise  in 
temp, 
deg.  C. 

Mega- 
meg- 
ohms 
20  C. 

Mega- 
megohms 
20  C. 

Rise 
temp, 
deg.  C. 

A.  dark  

4.6 

0.70 

4  5 

0.60 

4.5 

4.9 

0.70 

5  2 

5.0 

0.67 

5.1 

D.  light  

13.6 

0.63 

26.1 

0.57 

39.0 
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J.  Cameron  Clark:  It  appears  that  Capt.  Peaslee  is  rather  opti- 
mistic about  the  possibilities  of  the  quartz  insulator.  Its  physical 
characteristics  appear  very  fine,  for  example,  it  can  be  heated 
very  hot  and  plunged  into  cold  water  without  cracking.  How- 
ever, I  find  well-informed  ceramists  rather  uncertain  about  the 
permanence  of  fused  silica  as  a  material  for  insulators. .  There 
are  certain  peculiar  inversions  in  the  structure  of  the  material 
which  are  not  generally  well  understood,  but  which  the  ceramists 
understand,  and  which  take  place  rapidly  at  very  high  temper- 
atures. On  the  other  hand,  it  is  thought  possible  that  the 
material  may  change  slowly  and  become  brittle  at  lower  tem- 
peratures than  even  100  deg.  cent.  It  seems  to  me  we  ought  to 
have  the  benefit  of  the  experience  of  users  of  quartz  in  other 
arts  as  to  the  permanence  of  the  material. 

In  the  introduction  to  Mr.  Brundige's  paper,  he  states  that 
some  people  are  attributing  practically  all  the  insulator  trouble 
to  porosity.  Both  Mr.  Ryan  and  myself  wish  emphatically  to 
disclaim  taking  that  position.  In  fact,  our  experiments  were, 
from  the  point  of  time  at  least,  largely  concerned  with  attempts 
to  get  water  into  insulators.  Those  experiments  show  that  most 
porcelain  is  decidedly  not  porous  at  all,  i.e.,  it  has  no  apparent 
porosity,  or  porosity  due  to  open-pore  systems.  Yet,  of  course, 
this  does  not  minimize  the  disastrous  effect  that  a  small  per- 
centage of  porous  units  can  have.  The  conclusion  that  perhaps 
most  porcelain  has  no  appreciable  percentage  of  open  pore 
systems  is  simply  based  on  the  fact  that  after  months  of  soaking 
it  has  not  been  found  possible  to  change  the  insulation  resistance 
of  the  porcelain.  Again,  in  the  .cases  of  some  insulators  which 
looked  suspiciously  low  in  insulation  resistance,  no  change  was 
found,  even  after  drying  them  several  hours  at  150  deg.  cent. 

In  the  paragraph  entitled  "Insulator  Failures  are  Not  Pro- 
portional to  Degree  of  Firing  in  Kiln,"  Mr.  Brundige  concludes, 
since  he  could  detect  slightly  more  failures  among  over-fired 
units  than  among  under-fired  ones,  that  porosity  was  of  lesser 
importance  among  causes  of  failure.  I  would  very  much  prefer 
to  see  a  60-cycle  test  to  determine  which  of  these  units  were 
porous,  rather  than  the  kind  of  test  that  was  used.  Perhaps 
some  of  that  material  had  absorbed  moisture  to  quite  a  large 
extent,  which  would  very  readily  have  been  shown  up,  upon  the 
high-voltage  megger  test,  and  still  the  insulator  would  easily 
have  passed  the  test  which  was  applied. 

As  to  the  rate  of  deterioration,  Mr.  Brundige  draws  the  con- 
clusion that  it  must  be  cracking  that  has  used  up  the  insulators, 
because  of  the  fact  that  some  of  them,  after  having  passed  the 
2000-megohm-megger  test  have  gone  down  within  a  few  days, 
showing  that  there  was  no  appreciable  insulation  resistance  left. 
I  think  it  is  important  for  us  to  remember  that  a  2000-megohm 
megger  is  not  by  any  means  adequate  to  detect  all  of  the  varying 
degrees  of  porosity  in  insulators.  Instead  of  a  2000-megohm 
megger,  it  should  have  been  a  two-million-megohm  megger,  one 
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having  one  thousand  times  the  range  of  the  one  mentioned  by 
Mr.  Brundige.  The  resistance  of  a  good  porcelain  unit  is  of 
the  order  of  one  million  megohms,  or  as  we  called  it  in  our  papers 
in  January,  one  megamegohm.  Dry,  sound  units  range  roughly 
from  a  half  million  megohms  to  two  million  megohms,  depending 
on  the  design,  but  if  they  are  without  cracks,  or  absorbed  mois- 
ture they  will  be  of  the  general  order  of  one  million  megohms. 

Obviously,  if  you  apply  a  2000-megohm  megger  to  detect 
units  which  have  varying  degrees  of  porosity,  you  will  pass,  as 
good,  many  of  those  which  are  practically  gone,  catching  only 
those  which  are  really  not  worth  talking  about  at  all.  When  we 
appreciate  the  fact  that  a  2000-megohm  unit  is  down  to  a  point 
where  it  has  only  0.2  of  1  per  cent  left  of  its  original  resistance, 
I  think  it  is  not  at  all  surprising  that  it  may  go  in  a  few  more 
days.  It  has  probably  been  going  down  for  a  year  or  two,  and 
by  the  time  when  we  catch  it  with  a  2000-megohm  megger  it 
really  does  not  have  anything  left.  It  is  entirely  possible  that 
if  Mr.  Brundige  had  dried  out  these  units  that  were  detected  by 
a  2000-megohm  megger,  he  could  have  raised  them  so  that 
they  would  have  passed  any  ordinary  60-cycle  arc-over  test  or 
oscillator  test.  Regarding  porosity  in  small  amounts,  it  should 
be  remembered,  I  think,  that  there  are  two  different  kinds  of 
porosity,  either  or  both  of  which  may  exist  in  a  given  porcelain. 
Porosity  may  exist  in  very  small  sealed  up  voids,  in  which  case 
it  may  be  in  evidence  only  by  reduction  of  the  density  of  the 
porcelain;  or,  it  may  appear  in  open,  communicating  pore- 
systems.  I  believe  that  we  may  have  perfectly  good  units 
wherein  the  porosity  by  density  is  six,  seven,  or  eight  percent, 
but  the  porosity  in  such  units  exists  entirely  in  very  small  sealed 
up  voids.  Obviously,  an  appreciable  percentage  of  the  other 
porosity  means  disaster. 

I  do  not  believe  we  are  at  all  warranted  in  drawing  any  con- 
clusions regarding  porosity  from  the  examples  of  Hewlett  units 
cited  by  Mr.  Brundige.  In  the  case  of  the  Hewlett  unit,  we 
have  a  very  remarkable  insulator.  It  is  unfortunate  that  we 
do  not  still  have  it, — that  it  is  not  being  largely  manu- 
factured as  a  high-voltage  insulator.  In  the  Hewlett  unit  there 
is  no  cement  to  cause  trouble.  We  have  a  unit  that  is  glazed 
all  over,  and  due  to  that  fact,  it  may  have  a  fair  amount  of 
total  porosity,  and  still  be  a  satisfactory  unit  in  not  taking  up 
water.  It  is  not  at  all  comparable  with  the  cap-and-stud-type 
insulator. 

In  regard  to  the  older  units  purchased  nine  or  ten  years  ago, 
to  which  Prof.  Ryan  refers  in  his  paper, — we  had  approximately 
100, — we  were  never  able  to  detect  any  porosity  through  com- 
municating pore  systems.  Many  of  them  were  soaked  long 
periods  and  many  of  them  dried  out  in  attempts  to  change  their 
insulation  resistance,  but  they  had  uniformly  a  resistance  of 
nearly  2,000,000  megohms  at  20  deg.  cent. 

Philip  Torchio:   Are  you  referring  to  the  Hewlett  insulator? 
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J.  Cameron  Clark:  No,  these  are  the  old  flat-disk  cap-and- 
stud  type.  I  think  that  on  account  of  the  record  of  certain  of 
these  older  units,  it  is  not  safe  to  make  the  statement  that  all 
of  these  older  insulators  are  unquestionably  of  greater  porosity 
than  many  of  the  suspension  type  units  manufactured  recently. 
Whether  it  was  an  accident  that  they  were  made  so  good  is  a 
question,  but  it  seems  that  the  makers  of  that  same  unit  cannot 
duplicate  the  performance  today. 

Conclusion  No.  4  in  Mr.  Brundige's  paper,  states  that  if  it 
were  proper  to  charge  up  the  trouble  to  porosity  we  would  find 
units  having  porcelain  in  all  stages  of  resistance.  As  a  matter 
of  fact,  we  do  find  that  very  thing  when  we  megger  them  with  a 
proper  megger  having  a  range  of  zero  to  five  million  megohms. 
The  results  of  such  tests  are  reported  in  my  paper,  "Experiments 
on  Porcelain  Suspension  Insulator  Units,"  A.  I.  E.  E.,  Trans., 
1916,  p.  1453. 

Referring  to  Mr.  Austin's  equivalent  insulator  circuit,  (Fig. 
13),  his  discussion  states  that  "increasing  the  frequency  to 
200,000  cycles  will  give  little  time  for  the  leakage  of  charging 
current  through  rx  and  r2,  so  that  a  porous  piece  will  act  as 
though  it  were  a  perfectly  good  piece."  I  suspect  that  Mr. 
Austin's  reasoning  here  has  been  led  astray  by  his  knowledge 
that  damped  high-frequency  voltage,  as  applied  by  the  oscil- 
lator, will  not  detect  water-logged  porcelain.  However,  the 
application  of  sustained  200,000-cycle  voltage  will  certainly 
result  in  passing  relatively  great  values  of  charging  current 
through  ri  and  r2  to  the  middle  dry  zone.  This  fact  has  pro- 
vided Professor  Ryan  with  a  method  of  detecting  porous  porce- 
lain after  short  periods  of  immersion  in  water.  Professor  Ryan's 
paper  describes  this  method  briefly  and  presents  a  table  of  results 
secured  by  its  application  to  several  insulators  purposely  fired 
at  different  temperatures. 

E.  E.  F.  Cr eight  on:  These  three  papers  add  to  our  knowledge 
of  the  problems  of  porcelain  insulators.  Mr.  Brundige  points 
out  the  difference  in  opinion  by  investigators  regarding  the 
deterioration,  whether  by  porosity  or  cracking.  Prof.  Ryan  has 
shown  without  question  that  the  prevailing  trouble  on  the 
Pacific  coast  was  due  to  porosity.  Mr.  P.  M.  Downing  sent 
me  a  dozen  60,000-volt  pin-type  insulators  from  the  lines  of  the 
Pacific  Gas  &  Electric  Company,  and  the  test  indicated  absorp- 
tion of  moisture,  not  cracks.  Mr.  Austin  suggests  indirectly 
why  the  insulators  in  California  happen  to  be  porous.  He  states 
that  porosity  can  be  detected  by  an  expert  by  a  visual  inspec- 
tion and  also,  in  a  different  place,  that  " this  material  was  used 
.  .  .  on  the  Pacific  coast  where  conditions  were  favorable, 
otherwise  very  serious  trouble  would  have  resulted."  At  the 
time  this  installation  was  made,  there  were  no  engineering  re- 
quirements on  absorption.  (As  far  as  that  is  concerned,  the 
engineering  specifications  today  on  absorption  are  worthless.) 

The  records  that  have  come  to  my  attention  of  insulator 
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failures  in  the  East  show  a  large  percentage  of  defects  by  porosity, 
although  I  am  of  the  opinion  that  cracking  has  somewhat  pre- 
dominated. However,  it  should  be  understood  that  in  many 
cases  where  insulators  were  porous,  the  caps  were  removed  by 
boring  overlapping  holes  along  the  iron,  and  as  a  result  of  this 
damaging  method  the  insulators  have  been  actually  cracked  in 
the  process  of  boring.  I  know  of  many  cases  where  this  method 
of  removing  the  caps  was  used,  and  I  discovered  by  my  own 
experience  that  insulators  I  had  known  to  be  porous  by  measure- 
ment before  removing  the  caps  were  cracked  after  the  caps  were 
removed.  Since  adopting  the  method  of  sawing  off  the  caps 
with  a  hack-saw,  it  has  been  possible  to  find  a  larger  percentage 
of  the  insulators  porous  and  without  cracks.  Mr.  Bang  of  the 
Pennsylvania  Water  &  Power  Co.,  who  kindly  furnished  me  the 
last  thirty,  picked  them  out  of  200  by  high  megger  reading,  and 
I  find  that  the  majority  of  them  are  porous.  It  is  not  always 
that  engineers  can  have  contrary  convictions  and  still  both  be 
correct. 

To  any  one  familiar  with  the  narrow  range  of  about  40  deg. 
on  1350  deg.  cent,  for  firing,  and  the  difficulties  in  maintaining 
uniform  temperature  throughout  the  kiln,  it  is  not  surprising  to 
see  batches  of  insulators  come  through  from  time  to  time  either 
slightly  underfired  and  porous  or  slightly  overfired  and  brittle. 

Mr.  Brundige  has  reviewed  the  logical  factors  which  caused 
the  breaking  of  the  porcelain,  namely,  differential  expansion 
between  iron  and  porcelain,  expansion  of  Portland  cement  by 
continued  hydration,  and  to  these  may  be  added  the  expansion 
of  the  magnesia  content  in  the  Portland  cement  which  hydrates 
very  slowly.    There  are  other  factors  under  investigation. 

Mr.  Brundige  speaks  of  small  degrees  of  porosity  which  may 
not  be  excessively  harmful.  It  will  be  interesting  to  determine 
just  what  degree  can  be  considered  harmless.  It  is  recognized 
among  brick-makers  that  there  is  a  minimum  degree  of  absorp- 
tion which  withstands  freezing  without  cracking  the  brick. 
Perhaps  there  is  a  minimum  degree  of  water  absorption  by 
insulators  which  will  permit  freezing  without  opening  up  the 
pores  still  further. 

There  is  a  certain  insulation  resistance  which  is  necessary. 
The  capacity  reactance  (1  -4-  c  a)  of  a  perfect  suspension  insu- 
lator is  about  75  megohms.  Therefore,  if  the  resistance  is 
several  hundred  megohms  and  does  not  decrease  with  further 
age,  it  may  be  used  in  a  string  of  insulators  without  changing  the 
distribution  of  potential  of  the  units.  However,  an  insulator 
measuring  a  few  hundred  megohms  will  be  punctured  by  the 
60-cycle  potential  if  other  units  in  the  string  should  fail  in  suf- 
ficient numbers  to  apply  high  voltage.  Until  more  knowledge 
is  gained  of  the  effect  of  freezing  on  slightly  porous  porcelain 
which  has  absorbed  moisture,  it  seems  safer  practise  to  remove 
even  these  insulators  of  comparatively  high  insulation  resistance 
from  the  line,  say  1000  megohms.    Prof.  Ryan  finds  good  in- 
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sulators  measure  a  resistance  of  the  order  of  a  million  megohms. 
One  thousand  megohms,  as  indicated  by  a  megger,  indicates  a 
comparatively  poor  resistance.  The  highest  resistance  I  have 
found  in  highly  vitrified  10-in.  suspension  insulators  is  three  and 
one-half  million  megohms. 

It  would  be  interesting  if  Mr.  Austin  would  state  further  how 
"most  of  the  porous  material  can  be  detected  by  the  trained 
eye."  These  observation  tests,  if  I  understand  correctly,  are 
on  both  the  color  of  the  glaze  and  the  surface  of  the  white  porce- 
lain where  it  is  exposed.  I  have  found  even  experts  frequently 
at  fault  in  detecting  porosity  by  the  color  of  the  glaze,  and  in 
my  opinion  the  observer  is  led  astray  as  frequently  as  he  guesses 
correctly.  Some  colors  of  glazes  are  particularly  sensitive  to 
temperature  and,  other  things  being  equal,  the  change  in  color 
will  be  an  indication  of  the  temperature.  However,  the  change 
in  color  may  be  due  to  a  change  from  one  oxide  to  another,  and 
a  little  difference  in  the  air  supply  at  the  fire  will  cause  more  or 
less  oxidation  of  the  glaze  and  a  consequent  change  in  color  long 
before  the  vitrifying  stage  of  the  porcelain  is  reached.  I  investi- 
gated coloring  from  another  angle.  I  used  an  insulator,  picked 
by  an  expert  by  its  color  as  underfired  and  porous,  but  which 
by  test  showed  perfect  vitrification  and  absolutely  no  absorp- 
tion. I  placed  this  insulator  over  the  dome  of  the  kiln  where 
the  temperatures  fall  much  below  the  vitrifying  temperature  of 
the  porcelain.  This  insulator  was  darkened  to  the  color  of  the 
highly  vitrified  porcelain  of  the  same  make.  I  did  not  analyze 
the  glaze.  The  darker  color  might  have  been  due  to  absorption 
of  carbon.  There  was  a  very  interesting  paper  presented  at 
the  last  annual  meeting  of  the  American  Ceramic  Society  on 
the  subject  of  color  of  glaze.  The  same  glaze  mixture  gave 
distinctly  different  colors  due  to  a  difference  in  the  atmosphere 
of  the  kiln.  My  feeling  is  that  the  detection  of  porous  insulators 
by  this  method  is  too  unreliable  to  use.  I  should  be  glad  to 
have  this  statement  challenged. 

Mr.  Austin  makes  some  interesting  observations  regarding 
tests  of  insulators,  and  I  agree  with  him  in  most  of  his  conclusions. 
While  it  may  be  that  the  60-cycle  test  using  flash-over  and  poor 
regulation  is  desirable  from  the  standpoint  of  ease  of  testing  a 
large  number  of  insulators  at  once,  and  no  doubt  is  better  than 
the  test  using  good  regulation  and  no  flash-over,  still  it  is  not  as 
effective  in  weeding  out  poor  material  as  the  oscillator  test. 
While  an  engineer  may  question  the  limit  of  severity  which  he 
wishes  to  impose  in  his  insulator,  I  think  there  can  be  no  ques- 
tion about  the  relative  severity  of  these  two  tests.  In  one  big 
porcelain  factory,  where  they  make  insulators  strictly  for  their 
own  use,  the  oscillator  test  is  used  exclusively  because  it  was 
found  to  pick  out  more  defective  porcelains.  The  expense  of 
testing  is  no  greater  than  with  60-cycles,  formerly  used.  Since 
the  porcelains  were  only  a  small  part  of  expensive  apparatus 
any  extra  loss  was  undertaken  to  get  the  better  porcelain.  In 
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the  early  use  of  the  oscillator,  several  years  ago,  the  losses  were 
much  greater  than  in  the  previous  60-cycle  testing,  but  due  to 
improvements  and  care  in  the  manufacturing  processes,  the 
losses  were  soon  made  as  favorable  as  before. 

In  the  cross-section  diagram  of  porcelain  in  Fig.  3  of  Mr. 
Austin's  paper,  if  an  insulator  is  so  porous  as  to  absorb  moisture 
under  simple  immersion,  as  indicated  by  the  shaded  portions, 
the  porcelain,  when  dry,  will  puncture  by  the  oscillator  test. 
Such  an  insulator  would  be  palpably  defective.  But  assuming 
that  moisture  had  penetrated  very  slightly  pbrous  porcelain,  as 
indicated  in  this  figure,  then  the  high-frequency  potential  would 
stress  the  dry  layer  to  a  very  high  value,  and  would  probably 
damage  it.  This  is  due  to  the  fact  that  the  layer  of  moisture 
next  to  the  surface  has  a  dielectric  constant  of  about  80,  and 
therefore  the  equivalent  thickness  of  porcelain  is  comparatively 
small. 

When,  however,  the  moisture  extends  entirely  through  the 
porcelain,  so  as  to  give  a  fairly  uniform  potential  gradient,  the 
resistance  enters  as  a  factor  in  preventing  puncture  by  the  high- 
frequency  discharges.  The  modus  operandi  of  puncturing  a  wet 
insulator  consists,  in  the  initial  stage,  of  boiling  out  the  moisture. 
If  there  is  not  sufficient  energy  in  the  discharge  to  do  this  in  a 
brief  time,  naturally  the  insulator  will  not  puncture,  and  the 
oscillator  test,  which  is  so  effective  on  dry  porcelain,  becomes 
ineffective.  However,  if  a  combination  of  60-cycles  and  high 
frequency  is  used — in  other  words,  if  a  higher  60-cycle  voltage  is 
used  in  getting  the  oscillations  rather  than  going  through  an 
oscillation  transformer,  sufficient  energy  will  be  taken  from  the 
circuit  to  boil  out  the  moisture,  and  the  comparatively  enor- 
mous power  of  the  high-frequency  discharge  will  be  able  to  do 
its  effective  work. 

As  to  the  possibility  of  damaging  good  porcelain  by  the  high- 
frequency  test,  I  have  examined  many  dozens  of  punctured 
insulators,  and  I  have  yet  to  find  a  puncture  which  was  not  due 
to  a  visible  defect,  either  a  crack  or  porosity.  On  the  other 
hand,  potentials  as  high  as  100,000  volts  at  200,000  cycles  have 
been  applied  by  the  hour  to  insulators  which  did  not  puncture, 
and  although  all  possible  care  was  taken  subsequently  in  their 
examination,  no  defect,  such  as  blebs,  laminations,  -or  porosity 
could  be  detected.  In  brief,  the  experience  indicates  that  good 
porcelain  is  not  damaged  by  a  reasonable  test  of  high  frequency, 
but  many  smaller  degrees  of  defectiveness  can  be  developed  by  the 
oscillator  test  than  by  the  60-cycle  test. 

Mr.  Peaslee,  says  that  there  are  "grounds  for  suspecting  that 
in  some  manner  certain  insulators  deteriorate  at  a  very  rapid 
rate,  due  to  dielectric  stresses  combined  with  other  stresses  in 
such  a  manner  as  to  materially  hasten  the  failure  of  the  insulator." 
While  the  mechanical  causes  of  failure  have  been  thoroughly 
discussed  by  a  number  of  engineers  during  the  past  few  years, 
knowledge  of  the  dielectric  flux  concentration  is  comparatively 


582 


INSULATORS 


[June  27 


little  known.  It  is  of  fundamental  interest,  and  it  may  be  a 
fruitful  field  of  investigation.  My  experience  has  led  me  to 
conclude  that  trouble  arises,  in  the  usual  designs  of  insulators, 
from  defects  rather  than  unequal  stresses  on  the  quartz,  clay 
and  feldspar  as  they  exist  separately  or  in  different  combinations. 
In  the  underfired  condition,  where  the  three  ingredients  are  only 
slightly  united,  the  weakness  of  the  air  ducts  is  so  great  that  the 
ingredients  of  the  porcelain  are  not  stressed  to  the  limit  before 
the  air  begins  to  conduct  and  allows  puncture  to  take  place. 
Where  the  porcelain  is  well  vitrified  and  not  defective,  these 
unequal  stresses  treated  by  Mr.  Peaslee  should  appear. 

Careful  distinction  must  be  made  between  deterioration  of 
insulators  and  deterioration  of  porcelain.  We  can  all  agree  that 
the  insulators  deteriorate,  but  it  is  a  mooted  question  whether 
porcelain  deteriorates,  except  by  opening  of  the  pores  due  to 
freezing  of  moisture  therein  and  by  potential  gradient  beyond 
the  electric  strength. 

After  the  war  opened  in  Europe  the  English  ceramists  found 
it  impossible  to  obtain  the  French  flint  which  they  had  been 
accustomed  to  use  in  their  ceramic  work.  Instead,  they  were 
forced  to  use  ground  quartz,  and  as  a  result  the  factory  losses 
increased  to  an  alarming  proportion.  There  appeared  cases 
which  indicated  that  the  porcelain  had  actually  undergone  dis- 
integration after  it  had  been  taken  from  the  kilns.  This  subject 
was  thoroughly  treated  by  Mellor  and  presented  in  the  Trans- 
actions of  the  English  Ceramic  Society.  While  quartz  and 
flint  are  chemically  the  same,  Si  O2,  they  have  different  charac- 
teristics when  heated,  due  to  a  difference  in  molecular  structure 
of  the  material.  Flint  tends  to  lower  its  specific  gravity  quickly 
in  one  or  two  firings,  whereas  quartz  requires  a  dozen  or  more 
firings  to  reach  a  lower  stable  value  of  specific  gravity. 

The  use  of  ground  quartz  in  the  ceramic  factories  in  America 
is  very  common.  At  one  time  experiments  indicated  possible 
deterioration  of  our  porcelain  with  age  at  atmospheric 
temperatures.  Further  investigation,  however,  showed  that  the 
deterioration  was  not  due  to  any  change  in  the  structure  of  the 
quartz.  Furthermore,  Hewlett  insulators  made  some  ten  years 
ago  were  carefully  examined,  and  they  withstood  a  higher 
dielectric  test  than  they  were  given, initially  ten  years  before. 
In  fact,  their  puncture  voltage  was  as  good  as  the  porcelains 
today.  This  porcelain  was  made  by  Mr.  E.  L.  Barringer.  It 
was  well  vitrified.  It  evidently  shows  that  porcelains  can  be 
made  which  will  not  deteriorate  at  atmospheric  temperature  in 
any  reasonable  time,  if  ever. 

On  the  whole,  the  three  authors  show  a  pessimism  regarding 
the  insulator  situation  which  I  do  not  share.  I  believe  it  is 
only  a  question  of  a  comparatively  short  time  until  insulators 
will  be  available  which  are  without  defects  and  without  any 
material  deterioration;  furthermore,  that  this  desirable  condi- 
tion will  not  be  confined  to  one  type  of  insulator. 
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E.  M.  Hewlett:  The  increase  in  voltage  from  60,000  to 
100,000  called  for  a  change  in  insulator  design  from  the  pin  type 
to  the  unit-suspension  type.  When  looking  into  the  various 
possible  designs  for  this  high-voltage  insulator,  we  did  consider 
the  cemented  type.  Our  experience  with  cemented  insulators 
covered  10  or  12  years  before  this  time,  for  both  indoor  and 
outdoor  service,  and  we  had  suffered  a  great  deal  of  trouble 
with  this  composite  type  of  insulator  made  up  of  porcelain  ce- 
mented to  iron  and  pins.  We  recognized  the  strain  on  the 
porcelain  due  to  the  expansion  of  different  materials  with  dif- 
ferent coefficients  of  expansion,  and  the  difficulty  of  analyzing 
and  satisfactorily  designing  an  insulator  to  overcome  these 
conditions.  Considering  the  problem  of  maintaining  (as  nearly 
as  possible)  an  uninterrupted  service  on  a  long  line  supported 
by  a  great  number  of  insulators,  an  insulator  with  a  composite 
structure  made  up  of  porcelain,  cement,  and  iron,  with  its  un- 
known internal  strains,  did  not  seem  attractive  for  such  condi- 
tions. To  avoid  these  strains  and  simplify  the  problem,  we 
considered  that  an  insulator  designed  so  as  to  bring  the  porcelain 
under  compression  strain,  without  additional  expansion  strain, 


lem  along  this  line  than  to  try  to  reconcile  and  correct  all  the 
difficulties  in  the  composite,  cemented  type  o^insulator.  We 
were  able  to  work  out  the  problem  satisfactorily  in  the  Hewlett 
insulator  as  you  see  it,  and  I  am  glad,  in  view  of  the  statements 
brought  out  here  this  afternoon,  that  we  decided  to  follow  this 
course. 

I  wish  to  call  your  attention  to  the  relation  of  wet  and  dry 
periods  to  the  absorption  of  moisture  and  consequent  deter- 
ioration of  the  porcelain  insulating  units.  From  Fig.  3  you  will 
notice  an  assumed  relation  of  wet  and  dry  periods  in  which 
one-fifth  of  the  time  it  is  raining  and  four-fifths  of  the  time  it 
is  dry.  This  is  of  course  not  an  average  all  through  the  year, 
but  may  be  an  average  during  some  seasons;  at  any  rate  it  will 
answer  the  purpose  of  illustration.  Now  let  us  compare  two  insu- 
lators which  are  both  non-porous,  or  both  quite  porous.  One  insu- 
lator is  so  built  that  it  begins  to  dry  immediately  on  entering  the 
dry  period;  the  other  has  cement  in  its  structure,  which  absorbs 
moisture  after  the  expiration  of  the  wet  period.  This  practically 
means  for  the  second  insulator  an  extension  of  the  wet  period 
from  one-fifth  to  two-fifths  or  three-fifths  of  the  total  cycle. 
Assuming  that  it  takes  as  long  for  the  insulator  to  dry  as  it  does 
for  it  to  absorb  moisture;  if  the  wet  period  is  prolonged,  so  that 


Fig.  3 
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would  give  the  most  satisfactory 
results.  This  we  accomplished 
in  the  Hewlett-insulator  de- 
sign. While  this  construction,  of 
course,  presented  some  design 
and  manufacturing  difficulties 
to  be  overcome,  we  felt  that  it 
was  better  to  work  out  the  prob- 
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it  is  greater  than  one-half  of  the  total  period,  there  is  never  a 
time  in  which  the  insulator  is  losing  as  much  moisture  as  it 
gains,  consequently  there  is  a  building  up  of  moisture  and  a 
gradual  saturation  of  the  porcelain.  The  uncemented  insu- 
lators, which  do  not  have  a  sponge  to  hold  the  water  to  be  ab- 
sorbed, are  not  handicapped  by  this  building  up  of  moisture  and 
saturation  as  is  the  cemented  type. 

There  has  been  a  great  deal  of  discussion  about  the  cracking 
of. the  cemented  insulators,  and  the  cause  has  been  attributed 
to  absorption  of  moisture,  change  in  temperature,  expansion  of 
metal  parts,  expansion  of  cement,  corrosion  of  metal  parts,  and 
consequent  expansion.  Some  of  the  small  cracks,  which  are 
started  by  this  expansion,  are  enlarged  by  the  moisture  freezing 
in  them  as  frost  cracks  rocks,  and  the  small  initial  crack  may 
finally  grow  to  a  deep  enough  crack,  so  that  the  insulator  is 
weakened  and  only  a  relatively  low  potential  is  required  to 
break  down  the  unit.  These  troubles  seem  to  be  common  in 
the  cemented  type  of  insulator,  but  in  the  single  porcelain  unit 
where  the  fittings  only  impose  compression  strain  on  the  porce- 
lain and  where  the  porcelain  is  wholly  glazed,  such  troubles  are 
reduced  to  a  minimum. 

The  link  suspension  units,  as  originally  made,  when  fired  in  a 
kiln  w;ere  supported  at  the  center  and  a  bald  spot  of  unglazed 
porcelain  was  left.  In  the  present  design,  the  insulators  when 
being  fired  are  supported  on  the  same  sort  of  a  block,  but  in  a 
sand  cushion.  This  makes  it  possible  to  glaze  the  insulator  all 
over,  and  while  some  of  the  sand  sticks  to  the  glaze,  the  glaze  is 
intact  underneath  the  sand  and  thoroughly  covers  the  porce- 
lain. Thus  with  the  porcelain  entirely  glazed,  and  with  no 
absorptive  material  on  the  surface  to  hold  the  moisture  past 
the  wet  period  into  the  dry  period,  we  have  an  insulator  which 
has  a  natural  tendency  to  dry,  rather  than  one  which  has  natural 
tendency  to  absorb  moisture. 

I  believe  that  future  development  eventually  will  be  carried 
on  along  the  line  of  an  insulator,  such  as  the  compression  or 
link  type,  which  is  not  subject  to  absorption  or  expansion, 
rather  than  the  cemented  type. 

The  reason  that  the  Hewlett  insulator  has  not  been  manu- 
factured to  a  great  extent,  is  to  my  mind  the  fact  that  it  costs 
a  little  more  than  the  cemented  type.  Furthermore  the  link 
insulator  has  been  designed  with  a  liberal  safety  factor  for 
mechanical  strains,  but  to  go  beyond  this  safety  factor  would 
interfere  with  the  electrical  effectiveness  of  the  insulator.  The 
cemented  type  was  made  to  withstand  greater  strains.  The 
feature  of  higher  strain  factor  seems  to  appeal  to  many  people 
and  they  would  rather  take  the  cheaper  insulator  with  the 
extra  pounds  of  permissible  strain  than  the  more  expensive  one 
with  sufficient  strength,  and  better  insulation. 

If  specifications  for  the  purchase  of  insulators  would  be  for- 
mulated with  proper  reference  to  the  mechanical  and  physical 
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limitations  of  the  materials,  and  the  operating  requirements  of 
the  system,  I  think  the  whole  situation  would  be  different  by 
now,  insulators  would  be  built  as  they  should  be  and  there 
would  not  be  so  many  installed,  which  have  to  be  taken  out 
again. 

Philip  Torchio:  Mr.  Hewlett,  when  you  enlarge  the  part 
where  the  clamp  goes,  and  there  is  a  collection  of  water,  have 
you  found  any  damage  caused  by  the  freezing  of  the  water? 

E.  M.  Hewlett:  The  hole  in  the  insulator  for  the  clamp  is 
quite  short,  and  when  water  freezes  in  this  hole  the  ice  can  ex- 
pand into  the  open  at  both  ends,  so  that  there  is  very  little 
strain  on  the  wall  of  the  insulator  itself.  We  have  subjected 
insulators  in  test  to  the  influence  of  freezing  water,  and  were 
unable  to  break  them,  neither  have  we  heard  of  any  troubles 
from  this  source  in  service. 

Percy  H.  Thomas:  What  we  have  been  looking  for  in  the 
last  two  or  three  years,  the  thing  we  almost  have,  but  not  quite 
secured,  is  really  authoritative  data  as  to  whether  it  is  cracking 
or  porous  porcelain  that  causes  the  trouble  with  high-tension 
insulators.  I  am  inclined  to  take  pretty  seriously  the  evidence 
that  Mr.  Brundige  has  brought  out.  I  believe  his  opportunities 
for  observation  are  very  broad.  They  are  not,  perhaps,  as  good 
in  the  laboratory  as  some  other  men  may  have,  but  as  regards 
practical  conditions,  he  has  a  wide  range  to  judge  from.  The 
practical  conclusion,  it  seems  to  me  hinges  on  the  fact  that  elec- 
trically the  insulator,  particularly  under  normal  practise,  does 
not  get  heavy  strains — a  100,000-volt  line  has  something  like 
60,000  volts  to  ground,  and  if  there  are  six  disks  the  normal 
strain  is  only  10,000  volts  per  disk,  while  the  insulator  may  have 
a  puncture  voltage  of  150,000,  or  something  of  that  kind.  So 
that  even  if  one  insulator  does  have  a  check  in  it,  and  it  does 
show  on  the  megger,  this  does  not  mean  there  is  going  to  be  a 
breakdown,  and  it  is  not  necessary  to  get  panicky  over  this 
defective  insulator.  The  megger  test  shows  a  percentage  of  total 
insulators  which  almost  never  runs  more  than  10  or  15'  having 
low  resistance. 

If,  however,  the  cracking  indicates  a  mechanical  deterioration, 
a  physical  weakening  of  the  insulator,  so  that  it  will  not  stand 
the  same  pulling  stress,  that  is  a  very  serious  matter,  because  a 
single  insulator  disk  failing  mechanically  drops  the  string.  That 
suggests  a  question  I  would  like  to  ask  Mr.  Brundige,  or  any  one 
else  who  has  the  data,  namely  whether  he  has  any  definite  results 
of  pulling  tests  on  insulators  which  have  indicated  a  certain 
percentage  of  cracks  or  show  on  the  megger  a  given  degree  of 
electrical  weakness. 

There  is  another  conclusion  that  perhaps  we  may  draw  from 
the  fact  that  there  is  danger  that  disks  will  check  and  crack, 
especially  if  this  checking  does  not  mean  a  serious  mechanical 
deterioration.  Assuming  we  cannot  get  perfect  porcelain,  or 
perfect  insulators  why  is  it  not  better  to  use  two-piece  suspension 
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units — they  are  not  apparently  over  popular,  but  they  are  used 
in  a  number  of  plants.  I  think  that  very  serious  consideration 
is  warranted  as  to  whether  the  added  expense  is  not  worth  while. 
We  have  two  shells  in  one  unit,  and  can  have  almost  as  many 
units  as  if  we  had  a  mere  single  shell  in  each,  and  it  requires 
simultaneously  the  puncturing  of  two,  to  get  the  same  effect  as 
puncturing  a  single  piece  unit.  I  imagine  if  it  were  possible  to 
prove  mathematically  the  actual  gain  that  exists  in  the  two- 
piece  insulator,  that  purchasing  agents  would  not  hesitate  to 
pay  the  extra  price. 

A  fused  silica  or  quartz  insulator  will  certainly  have  some 
advantages,  but  from  such  experience  as  I  have  had  with  fused 
silica,  I  am  afraid  it  is  likely  to  be  brittle.  Time  and  trial  must 
offer  the  proof,  and  it  will  not  do  to  draw  conclusions  now.  In 
the  case  of  the  manufacturers  who  are  making  strong,  thick 
sections,  possibly  the  brittleness  will  not  be  serious.  The  danger 
of  brittleness  should  not  prevent  a  trial  of  the  quartz  insulator. 

There  is  one  other  consideration  I  should  like  to  suggest,  and 
that  is  this — following  up  the  idea  that  if  there  is  no  mechanical 
weakening  of  the  insulator  from  a  slight  check,  such  as  lessens 
its  electrical  power,  and  if  we  can  use  the  porcelain  in  such  a  way 
that  it  does  its  mechanical  work,  without  being  subjected  to 
any  severe  electrical  stresses,  we  then  reduce  the  severity  of  the 
requirements  of  the  porcelain  very  much.  With  a  practical  way 
to  use  the  suspension  insulators  with  the  porcelain  in  tension, 
then  the  electrical  stress  can  be  very  largely  taken  off  the  porce- 
lain as  a  puncture  stress,  and  I  think  any  of  our  present  porce- 
lain would  be  able  to  stand  the  electrical  conditions  without 
failure. 

John  B.  Taylor:  My  remarks  are  limited  to  Mr.  Peaslee's 
paper,  and  more  especially  to  the  photomicrograph  plates,  be- 
cause it  is  not  at  all  clear  to  me  that  these  plates,  though  interest- 
ing, have  along  with  them  enough  data  to  justify  drawing  any 
conclusions  from  them.  Just  so  that  the  record  will  be  clear, 
I  assume  all  of  these  plates  are  polished,  thin,  transparent 
sections,  such  as  the  petrologist  uses  in  his  work.  A  quartz 
being  one  of  those  classes  of  crystals  which  have  different  prop- 
erties and  directions,  which  show  up  differently  in  polarized 
light,  so  that  one  of  these  plates  with  the  white  patches  on  it 
gives  no  indication  of  the  particles  of  quartz  in  between,  which 
by  the  law  of  chance,  are  differently  orientated,  depending  on 
the  different  cut  of  the  slate,  and  the  different  plane  of  polar- 
ization of  the  light,  which  was  not  brought  out  in  the  plate. 
It  is  true  that  quartz,  like  the  grain  of  wood  or  the  crystal 
structure  in  iron,  or  other  materials,  has  different  properties, 
mechanical,  optical,  electrical,  or  magnetic,  perhaps,  in  its  dif- 
ferent directions,  but  that  is  no  reason  why  we  should  take  it 
for  granted  that  this  may  be  an  important  factor  in  insulator 
design.  I  think  it  is  possible  to  look  up  the  right  values  for  the 
specific  inductive  capacity  of  quartz  for  the  different  optic 
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axes,  and  that  should  be  added  before  we  are  justified  in  drawing 
any  conclusion  from  the  theories  advanced. 

I  think  also  that  these  photomicrographs  are  apt  to  be  de- 
ceiving to  people  who  are  not  working  with  them.  The  mag- 
nifications are  high,  300  diameters  in  all  cases.  If  we  take 
the  average  size  of  these  white  patches  of  quartz  and  roughly 
estimate  that  size,  perhaps,  as  one  centimeter  square,  it  means 
that  in  a  cubic  centimeter  there  are  some  three  millions  of  these 
particles.  There  has  got  to  be  quite  a  substantial  change  in 
these  in  the  one  direction,  and  on  top  of  that  a  very  substantial 
difference  in  specific  inductive  capacity  and  breakdown  ca- 
pacity to  lend  this  theory  any  force. 

C.  Francis  Harding:  A  good  deal  has  been  said  about  the 
cracking  and  thermal  effects  in  suspension  type  insulators,  but 
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Fig.  4 — Tests  of  Suspension  Insulators.  Single  Units 


little  connecting  such  facts  with  the  so-called  puncture  test. 
These  puncture  tests  have  been  taken  with  perhaps  a  grain  of 
reluctance  by  a  good  many  insulator  manufacturers  and  utilities, 
but  they  do  show  something,  I  feel,  in  regard  to  the  actual 
strength  of  the  porcelain  under  electrical  stress. 

Recently  I  had  occasion  to  make  some  acceptance  tests  on  a 
number  of  manufacturers'  insulators,  and  the  usual  puncture 
test  on  each  unit  of  the  suspension  insulator  was  made  by  placing 
the  units  under  oil,  and  applying  the  voltage  between  the  two 
metal  parts  of  the  unit.  After  these  tests  had  been  made  on  a 
group  of  the  samples,  it  was  thought  desirable  to  make  some 
porosity  tests  by  soaking  the  insulators  for  twenty-four  hours 
to  determine  the  absorption.  After  that  had' been  done  we  were 
interested  in  placing  these  units  which  had  been  thus  soaked  on 
the  puncture  test,  and  some  rather  surprising  results  were  ob- 
tained.   Fig.  4  will  show  that  effect.    These  insulators  were 


588 


INSULATORS 


[June  27 


supposed  to  be  used  with  three  units  in  each  string,  on  a  33,000- 
volt  line,  and  there  were  some  four  or  five  manufacturers'  insu- 
lators tested.  The  tests  at  the  left  of  the  figure  are  of  little 
interest,  being  the  usual  flash-over  test,  but  the  two  sets  of 
ordinates  at  the  right  entitled  "Puncture,  dry,"  and  "Puncture, 
wet,"  I  wish  to  call  attention  to,  the  puncture  voltages  being 
indicated  in  kilovolts  on  the  ordinate  scale.  Each  of  the  curves 
represents  insulators  of  similar  rating  submitted  by  different 
manufacturers.  Two  manufacturers'  insulators  tested  higher 
on  the  dry  puncture  test  and  one  group,  surprising  as  it  may 
seem,  had  a  higher  puncture  test  after  the  soaking  for  twenty- 
four  hours  in  water  than  before. 

Now,  that  may  be  due — and  I  wish  these  tests  taken  for  just 
what  they  are  worth — to  the  fact  that  a  comparatively  small 
number  of  insulators  of  each  manufacturer  were  tested  as  com- 
pared with  some  other  tests  which  have  been  presented  by  Prof. 
Ryan.  On  the  other  hand,  the  tests  may  have  some  value 
when  it  is  stated  that  group,  5,  which  tests  higher  after  immer- 
sion than  before,  not  only  represents  the  average  of  a  number  of 
insulators,  but  every  one  of  the  individual  insulators  which  was 
tested  after  soaking  for  twenty-four  hours  in  water  had  a 
higher  voltage  puncture  than  the  average  of  a  corresponding 
number  of  the  same  make,  tested  without  soaking  in  the  water. 

Just  what  effect  that  may  have  in  practise  I  do  not  know, 
unless  it  may  be  this :  The  only  explanation  I  can  offer  for  this 
result  is  the  fact  that  it  is  quite  possible  that  the  stress  is  more 
evenly  distributed  after  the  surface  is  wet  than  before,  and  so 
the  insulator  may  require  a  higher  puncture  voltage  as  a  result 
of  the  condenser  action,  assuming  the  wet  surfaces  of  the  insu- 
lators as  plates  of  a  condenser.  It  may,  however,  have  some 
bearing  on  this  discussion  of  the  failure  of  insulators  due  to 
temperature  changes  on  the  line  in  dry  and  wet  weather.  For 
instance,  during  the  dry  weather,  when  the  higher  temperatures 
obtain,  you  would  have  possibly,  if  this  theory  is  correct,  a  con- 
centrated stress  at  some  one  point  on  the  insulator,  depending  on 
its  design.  In  the  wet  weather,  you  would  have  not  only  lower 
temperatures,  but  a  simultaneous,  more  even  distribution  of 
stress  throughout  the  dielectric.  These  combined  effects  might 
give  an  additional  thermal  strain  and  cause  breakdown. 

J.  T.  Barron:  I  notice  in  Capt.  Peaslee's  paper  that  he  states 
that  he  left  a  number  of  insulators  in  the  storeroom  for  two 
years  and  had  14  per  cent  of  failures  on  60-cycle  flash-over.  I 
think  if  his  paper  is  based  on  insulators  of  such  characteristics 
as  these,  which  are  rather  exceptional,  that  possibly  the  main 
deductions  which  he  makes  are  not  true  of  the  average  insulator. 

I  think  that  a  lot  of  the  data  in  Mr.  Brundige's  paper  also 
are  questionable;  because  in  the  past  we  have  received  a  large 
number  of  insulators  which  proved  exceptionally  poor  and  then 
later  received  a  large  number  of  the  same  type  of  insulators  manu- 
factured under  better  conditions  which  have  been  exceptionally 
good. 
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I  notice  Mr.  Austin  states  that  the  production  of  a  specified 
insulator  is  no  small  problem  if  the  cost  is  to  be  comparatively 
low.  In.  the  discussion,  the  cost  of  the  insulator  has  also  been 
taken  into  consideration.  I  think  that  is  wrong.  Eighteen 
months  ago  we  were  paying  about  five  cents  a  pound  for  our 
porcelain  in  the  pin  type  insulator,  and  today  we  are  paying 
ten  cents  a  pound.  Everyone  is  buying  what  they  believe  to 
be  the  best  insulator,  and  the  engineer,  rather  than  the  pur- 
chasing agent  is  making  the  selection.  I  think  Mr.  Austin  is 
trying  to  cover  the  insulator  manufacturers  when  he  talks  about 
the  low  cost,  being  a  determining  feature. 

Mr.  Austin  states  that  the  size,  type  and  number  of  cement 
joints  affect  the  cracking,  and  also  that  the  largest  and  apparently 
the  strongest  insulators  crack  the  soonest.  In  Fig.  6  he  gives  us 
two  pictures  showing  approximately  60,000-volt  insulators,  the 
old  one  being  a  four-piece  and  the  new  one  a  three-piece.  The 
three-piece  unit,  which  I  believe  is  a  new  type  put  forward  by 
the  insulator  companies  in  the  last  year  or  two,  is  apparently 
the  stronger  insulator,  and  yet  it  is  stated  that  the  strongest 
insulator  will  crack  the  soonest.  I  would  like  to  have  him  clear 
up  that  point. 

The  proposition  of  cracking,  I  believe,  is  generally  confined 
to  the  head  of  the  insulator.  Several  of  the  manufacturers 
insist  that  the  two-piece  insulator  is  better  than  the  three-piece. 
If  the  head  cracks  with  a  three-piece  insulator,  there  is  quite  a 
good  chance  of  there  being  no  failure  of  the  entire  unit,  which 
I  believe  is  different  with  the  two-piece  insulator. 

Prof.  Creighton  referred  to  the  possibility  of  60-cycle  tests, 
with  poor  regulation  at  flash-over,  being  a  good  test,  but  not 
necessarily  taking  the  place  of  high  frequency.  I  have  tested 
some  twenty-five  thousand  insulators  with  a  normal  line  rating 
of  45,000  volts,  which  had  been  tested  at  the  factory  with  60 
cycles,  very  poor  regulation,  and  these  insulators  under  high 
frequency  have  given  us  a  failure  of  0.4  of  one  per  cent,  or  about 
four  in  one  thousand.  I  think  that  this  shows  that  this  kind  of 
a  test  is  quite  beneficial  in  weeding  out  practically  all  of  the 
defects  as  all  other  types  of  insulators  which  we  have  tested  at 
high  frequency  and  which  had  only  the  normal  60-cycle  test  at 
the  factory  have  shown  more  than  one  per  cent  failure. 

Philip  Torchio:  It  has  been  stated  already  that  the  impres- 
sion conveyed  by  these  papers  is  calculated,  in  a  way,  to  weaken 
the  confidence  in  the  reliability  of  service  of  extra  high-voltage 
transmission  lines,  using  series  of  suspension  insulators.  I  know 
that  none  of  the  authors  intended  to  convey  such  an  impression, 
I  would  ask,  however,  that  some  of  the  operators,  or  possibly 
Mr.  Brundige  in  closing,  would  cover  the  point  that  the  papers 
refer  to,  deterioration  of  individual  units,  and  not  to  failures  of 
series  of  insulators  in  service  emphasizing  instead  the  degree  of 
reliability  and  the  very  small  number  of  interruptions — or  pos- 
sibly entire  lack  of  interruptions — to  the  service  due  to  the 
failures  of  the  insulators  on  extra  high-tension  lines. 
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J.  A.  Brundige:  At  the  beginning  of  Prof.  Clark's  remarks 
I  was  somewhat  disturbed  to  think  I  had  wrongly  interpreted 
Prof.  Ryan's  paper  to  mean  that  he  considered  the  majority  of 
insulator  troubles  attributable  to  porosity;  but  as  I  listened  to 
Prof.  Clark's  further  remarks,  I  began  to  feel  better,  for  I 
believe  it  is  evident  that  he,  at  least,  still  has  a  strong  leaning  to 
the  porosity  hypothesis. 

Mr.  Thomas  has  asked  the  question  whether  we  have  found 
on  testing,  any  mechanical  weakening  of  the  insulator  units 
after  having  been  shown  faulty  by  means  of  the  megger.  Several 
units  have  been  tested  in  this  manner,  and  nothing  has  been 
found  which  will  indicate  any  mechanical  weakening  from  such 
causes,  nor  does  it  seem  probable  that  there  should  be  a  weaken- 
ing of  this  character.  Reports  have  been  received  from  other 
operating  companies  also,  which  seem  to  bear  this  out. 

Regarding  a  statement  made  by  Prof.  Creighton  that  the 
general  tone  of  the  papers  this  afternoon  is  rather  pessimistic, 
the  author  must  admit  that  he  is  not  over-confident  with  respect 
to  the  future  performance  of  many,  if  not  all  of  the  cap-and-stud- 
type  suspension  insulators  now  in  use.  Another  speaker  in 
commenting  along  the  same  lines  has  suggested  that  as  my 
paper  deals  with  the  performance  of  insulators  manufactured 
several  years  ago,  the  data  therein  should  not  be  used  to  estimate 
the  possible  performance  of  later  suspension  designs.  While  it 
is  true  that  the  paper  is  mostly  based  on  a  study  of  insulators  of 
the  older  types,  it  seemed  very  necessary  to  make  such  a  study, 
for  as  you  have  seen  today,  it  is  very  evident  that  there  is  no 
general  agreement  even  yet  on  the  underlying  causes  of  insulator 
failures.  Without  definite  information  in  this  direction  we  are 
rather  in  the  dark  regarding  the  possible  behavior  of  the  newer 
types.  There  are  doubtless  not  many  transmission  engineers, 
who,  in  view  of  their  experience  with  past  insulators,  would 
accept  the  newer  types  on  faith  and  leave  them  on  the  line  for 
several  years  without  making  periodic  inspections  and  tests. 

This  will  answer  Mr.  Torchio's  question  whether  it  is  not  true 
that  there  are  now  relatively  few  line  interruptions  due  to  in- 
sulator deterioration.  While  there  are  comparatively  few  actual 
interruptions  from  this  cause,  it  is  generally  due  to  the  fact  that 
the  operating  companies  follow  the  condition  of  their  suspension 
insulators  quite  constantly  and  test  them  out  by  the  megger  or 
other  methods  at  least  once  a  year  in  order  to  weed  out  the 
defective  units. 

A,  O.  Austin:  I  quite  agree  with  Mr.  Torchio  that  if  we  look 
only  at  the  troubles  of  the  insulator,  the  situation  appears 
rather  pessimistic  and  tends  to  affect  the  development  and 
financing  of  the  largest  power-transmission  projects.  The  insu- 
lator, however,  has  passed  beyond  the  experimental  stage,  the 
line  problem  being  largely  one  of  operation  and  maintenance. 

There  is  much  evidence  to  show  that  the  insulator  outlook  is 
very  bright  at  the  present  time.    The  increasing  severity  of 
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operating  conditions  has  been  successfully  met  and  even  the 
problem  of  handling  lightning  has  been  quite  easily  and  success- 
fully solved.  The  largest  size  insulators,  as  well  as  the  smallest, 
can  be  made  puncture-proof  and  in  addition,  the  larger  sizes 
do  not  spill  during  even  the  most  severe  lightning  storms. 

It  was  not  many  years  ago,  that  it  was  thought  impossible 
to  handle  the  lightning  problem  successfully.  It  was  reasoned, 
however,  that  the  stress  which  could  be  placed  upon  the  insulator 
was  limited  and  not  nearly  as  severe  as  generally  supposed. 
Stress  can  only  be  placed  on  the  insulator  through  the  conductor, 
which  in  turn  is  surrounded  by  air  having  very  definite  limita- 
tions as  we  all  know.  It  awaited  only  for  the  production  of 
good  insulators  to  prove  the  point. 

When  an  exceedingly  severe  stress  is  thrown  on  the  conductor, 
the  air  breaks  down  and  limits  the  stress,  so  that  an  insulator 
having  a  flash-over  around  400  kv.  seldom,  if  ever,  spills  on  the 
line.  Starting  with  this  assumption  and  using  common  sense  in 
design  of  the  insulator  so  as  to  obtain  factors  of  safety  for  true 
operating  conditions,  resulted  in  an  immediate  improvement  in 
the  insulator  performance. 

A  short-spaced  insulator,  although  having  a  comparatively 
small  factor  of  safety  at  best,  has  given  a  phenomenal  perform- 
ance. Line  after  line  has  been  thrown  in  without  a  single 
failure,  while  a  few  years  ago,  a  line  would  have  to  go  through  a 
weeding  out  process  before  it  would  attain  even  a  reasonable 
degree  of  reliability. 

Lines  having  old  insulators  or  ones  assembled  without  some  of 
the  later  refinements  may  have  much  faulty  material  which 
must  be  removed  from  time  to  time  to  give  good  operation. 
This  is  a  problem  of  operation  and  much  trouble  would  be  saved 
if  the  weeding  out  of  poor  material  was  given  more  attention. 
It  is  not  necessary  that  all  of  the  poor  material  be  removed  to 
place  the  line  in  good  condition,  for  the  removal  of  only  a  part 
of  the  faulty  material  may  reduce  the  probable  trouble  to  a 
negligible  quantity.  This  is  readily  seen  by  looking  at  the 
curves  on  operating  hazards,  for  various  percentages  of  depre- 
ciation shown  in  the  paper*  presented  before  the  Institute  in  1914. 

The  tendency  in  modern  insulator  design  is  to  give  careful 
consideration  to  the  factors  governing  maintenance  and  first 
cost,  for  it  has  been  proven  by  many  lines  that  there  is  little 
cause  for  insulator  trouble  for  at  least  several  years  even  with 
only  a  fair  design,  if  well  made. 

That  maintenance  has  been  considered  very  carefully  in  the 
design  and  manufacture  of  insulators  is  seen  by  a  comparison 
of  the  modern  insulator  with  the  best  of  a  few  years  ago.  In 
insulators  of  the  same  rating,  it  is  noticeable  that  the  modern 
insulator  has  a  fewer  number  of  parts;  the  three-part  taking  the 
place  of  the  earlier  four-part;  the  two-part  taking  the  place  of 
the  three-part,  etc. 

As  it  is  clearly  recognized  that  the  probability  of  trouble  from 
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matching  up  of  faulty  members  is  increased  with  the  reduction 
x>i  the  number  of  parts  and  furthermore  the  manufacture  of 
insulators  with  fewer  and  better  parts  is  much  more  difficult, 
it  is  seen  that  modern  practise  is  directed  at  maintenance  rather 
than  electrical  design. 

The  very  satisfactory  operation  of  many  lines  which  have 
been  installed  in  the  last  few  years  shows  that  the  modern 
insulator  with  fewer  number  of  parts  is  not  deficient  in  any  way 
so  that  we  may  take  advantage  of  their  lower  maintenance  or 
depreciation. 

Experience  has  also  shown  that  insulators  having  a  large 
number  of  parts  have  a  higher  percentage  loss  based  on  the  total 
number  of  shells,  so  that  the  loss  will  increase  at  an  even  greater 
rate  than  the  number  of  parts  in  an  insulator,  other  conditions 
being  the  same. 

Much  of  the  present  insulator  trouble  can  be  prevented  if  the 
line  is  gone  over  with  a  megger  or  other  suitable  apparatus  and 
the  faulty  material  eliminated.  It  is  very  difficult  to  get  the 
operating  man  to  take  the  necessary  time  to  weed  out  the  faulty 
material,  and  it  usually  happens  that  a  line  is  in  very  serious 
difficulty  before  any  attention  is  given  to  this  important  matter. 

Information  which  was  very  misleading  has  tended  to  dis- 
credit the  advantages  gained  in  going  over  a  line  with  a  megger 
or  other  suitable  apparatus  to  weed  out  faulty  material,  with 
the  result  that  a  great  many  systems,  which  could  have  saved 
themselves  considerable  trouble  and  expense,  have  put  off  the 
work  of  going  over  the  line  until  they  were  up  against  an  impos- 
sible operating  condition. 

The  following  is  a  good  example  of  how  dangerous  it  is  to 
draw  hasty  conclusions.  Several  years  ago,  a  line  which  had 
experienced  some  trouble  was  gone  over  with  a  megger,  which 
indicated  a  loss  of  approximately  2.5  per  cent.  This  in  itself 
looked  very  good.  The  line,  however,  was  equipped  with  two- 
piece  suspension  insulators,  so  that  the  2.5  per  cent  depreciation 
indicated,  included  insulators  only  which  had  both  parts  bad  in 
the  same  unit.  As  a  part  loss  of  15  per  cent  or  30  bad  pieces  in 
every  100  of  the  two  piece  units  will  give  only  2.5  per  cent  insu- 
lators having  both  parts  bad,  it  will  be  seen  that  the  2.5  per 
cent  indicated  by  the  test  was  far  from  the  true  state  of  affairs. 
In  this  case,  there  would  be  25  per  cent  of  the  insulators  with 
one  part  bad;  2.5  per  cent  with  two  parts  bad,  or  a  total  of  27.5 
per  cent,  although  the  method  used  showed  only  2.5  per  cent. 
The  removal  of  2.5  per  cent  would  still  leave  25  per  cent  of  the 
insulators  which  had  one  part  defective,  so  it  is  readily  seen 
that  going  over  a  line  under  these  conditions  might  not  result 
in  any  material  improvement,  and  should  not  be  used  as  a  basis, 
for  another  line  where  over  90  per  cent  of  the  faulty  material 
could  have  been  removed  with  ease. 

It  is  seen  that  the  two  parts  in  an  insulator  practically  multi- 
plies the  depreciation.    This  will  show  up  sooner  or  later,  and 
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has  been  the  chief  reason  for  rendering  the  two-piece  suspension 
insulator  obsolete. 

To  minimize  the  defects  of  depreciation,  it  is  advisable  to 
have  an  insulator  composed  of  a  large  number  of  comparatively 
small  detachable  parts,  which  is  easily  carried  out  in  the  suspen- 
sion insulator.  In  the  case  of  the  pin  type  insulator  this  is  not 
practicable  except  in  special  cases.  We  can,  however,  minimize 
the  effect  of  depreciation  by  reducing  the  number  of  parts  as 
well  as  increasing  their  factors  of  safety  to  meet  the  internal 
stresses  set  up. 

It  is  gratifying  to  know  that  insulator  troubles  have  not  come 
along  the  lines  expected.  A  large  part  of  the  cracking  is  due  to 
an  attempt  to  insure  mechanical  reliability.  This  was  only 
natural,  for  in  a  large  insulator,  the  standard  of  mechanical 
reliability  to  the  electrical  to  give  the  same  degree  of  operation 
must  be  from  one  to  three  thousand  times  higher.  This  follows 
from  the  fact  that  there  may  be  a  large  percentage  of  electrical 
depreciation  before  trouble  results  from  matching  up  of  the 
faulty  members,  where-as  an  infinitesimal  mechanical  failure  will 
produce  an  impossible  operating  condition,  owing  to  the  drop- 
ping of  the  line. 

This  consideration  is  an  exceedingly  important  one  and 
eliminates  the  consideration  of  many  insulators  for  important 
work,  although  they  may  have  decidedly  valuable  properties 
from  the  electrical  standpoint. 

The  importance  of  good  material,  is,  of  course,  very  well 
recognized;  the  methods  used  to  determine  same,  however, 
must  be  practicable. 

It  is  not  possible  to  inspect  every  piece  as  to  the  exact  dividing 
line  between  properly  and  improperly  vitrified  material.  By 
using  glazes  wiich  indicate  the  firing  range,  it  is  possible,  how- 
ever, to  be  on  the  safe  side  and  set  out  any  material  which  may 
be  doubtful.  If  good  manufacturing  conditions  prevail,  this 
does  not  necessarily  produce  a  great  hardship.  If  certain  glazes 
are  used,  which  give  no  firing  information,  it  is  not  possible  for 
an  inspector  to  judge  the  ware  properly.  Slate  glazes,  white 
glazes,  chromium  enamels,  or  brown  glazes,  which  have  too 
high  a  calcium  content  are  not  very  sensitive  to  temperatures, 
so  it  is  not  possible  to  judge  the  firing  of  the  ware  properly. 

Only  a  limited  quantity  of  ware  of  this  kind  can  be  fired  with 
certainty,  as  it  must  be  placed  in  zones  in  the  kilns  which  are 
known  to  be  reliable.  This  point  has  been  overlooked  in  the 
manufacture  or  selection  of  insulators  to  gain  appearance. 
Where  precautions  were  taken,  one  of  the  largte  lines  showed  a 
loss  after  several  years  operation  of  only  1.5  per  cent  which  is 
exceedingly  low.  If  this  same  material  had  followed  the  general 
practise  and  been  fired  promiscuously  throughout  the  kiln,  the 
losses  would  have  been  10  or  15  per  cent  due  to  porosity,  as  the 
slate  glaze  made  it  practically  impossible  to  detect  the  low-fired 
material. 
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When  I  first  went  into  the  insulator  business  some  years  ago, 
none  of  the  manufacturers  were  correcting  for  moisture,  which 
varied  over  a  range  of  25  per  cent  in  some  of  the  materials. 
Under  these  conditions,  it  is  not  surprising  that  the  results  have 
been  very  erratic  in  many  cases. 

Mr.  Barron  has  raised  a  question  as  to  the  comparison  of  the 
pin  insulators  shown  in  the  paper.  In  the  case  shown  the  con- 
ditions are  probably  less  favorable  to  the  large  three-piece  insu- 
lator than  generally  prevails  as  this  insulator  really  has  a  much 
higher  rating  than  the  four-part  insulator  of  earlier  design  to 
which  it  is  compared.  The  small  cement  section  and  the  method 
of  assembly  provides  against  any  internal  stresses,  although  the 
size  of  the  insulator  is  very  much  increased.  The  large  insulator 
is  one  which  has  been  manufactured  for  some  few  years,  and  up 
to  the  present  time,  I  know  of  no  single  failure.  This  is  not 
unusual  for  modern  insulators,  as  there  are  many  in  the  same 
class. 

We  must,  however,  take  care  of  the  mechanical  stresses, 
the  larger  and  heavier  insulators  requiring  much  more  care  in 
their  refinements.  Unfortunately,  the  work  that  is  most  worth 
while  in  the  assembly  of  an  insulator  does  not  show  in  the  built 
up  insulator  and  some  of  the  largest  and  apparently  strongest 
insulators  may  prove  to  be  the  poorest  for  operating  conditions, 
unless  proper  provision  is  made  for  internal  stresses. 

We  need  not  look  upon  the  insulator  question  at  all  pessimis- 
tically simply  because  some  of  the  older  insulators  or  poorly 
made  types  are  causing  trouble,  for  we  can  find  any  number  of 
insulators  now  that  are  producing  exceedingly  satisfactory 
results.  The  cost  has  not  been  so  great  and  the  depreciation 
has  not  been  so  large  even  under  the  worst  conditions,  but  what 
the  rapidly  developing  art  can  easily  stand  the  expense. 

The  modern  insulator  probably  has  a  lower  depreciation  rate 
than  any  piece  of  apparatus  connected  with  the  system. 

We  have  not  hesitated  to  scrap  electrical  machinery  of  all 
classes  for  new  types  with  improved  efficiencies,  and  we  must 
do  the  same  thing  with  the  older  insulators  simply  as  a  matter 
of  good  business. 
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THE  ENGINEER'S  DESTINY 


President's  Address 


by  h.  w.  BUCK 


THERE  has  been  much  discussion  concerning  the  position 
of  the  engineer  in  modern  times,  but  conditions  are  chang- 
ing so  rapidly  and  points  of  view  are  undergoing  such  a  funda- 
mental evolution  that  it  is  well  from  time  to  time  to  review  the 
relations  of  the  engineer  to  his  surroundings  and  to  secure  if 
possible  the  proper  orientation. 

The  change  and  improvement  in  the  engineer's  position  in 
the  world  in  recent  years  has  been  so  rapid  as  to  surprise  even 
those  who  were  the  optimists  in  the  under-dog  days  of  the  en- 
gineering profession.  In  the  middle  of  the  last  century,  when 
the  engineering  and  technical  schools  began  to  be  formed  in  this 
country  by  men  of  far-seeing  vision,  the  classical  scholars  looked 
on  askance  and  took  pains  to  differentiate  these  upstart  institu- 
tions from  their  own  traditional  schools  of  learning  and  to 
ostracize  those  who  pursued  the  new  courses  by  classifying  the 
professions  as  1  'learned1 1  and  technical. 

Times  fortunately  have  changed.  The  engineering  profession 
is  coming  into  its  own.  To-day  the  engineer  is  being  swept  along 
with  an  irresistible  force,  by  a  tide  which  he  himself  has  created, 
and  it  is  well  therefore  for  the  engineer  to  take  his  eyes  off  his 
work  occasionally  and  to  observe  his  constantly  changing 
surroundings.  A  flood  of  scientific  and  technical  accomplish- 
ment has  swept  over  the  face  of  the  earth,  revolutionizing  life, 
commerce  and  international  destinies.  Even  the  turmoil  in 
which  the  world  now  finds  itself  can  probably  in  the  last  analysis 
be  traced  to  the  over  acceleration  of  world  affairs  resulting  from 
the  work  of  the  scientist  and  engineer. 

During  all  this  development  period  of  the  engineering  profes- 
sion during  the  past  century  the  engineer  has  worked  his  way 
along  alone  and  in  silence,  so  to  speak,  seeking  his  reward  rather 
in  the  joy  of  accomplishment  and  in  the  realization  of  his  dreams 
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than  in  worldly  recognition  and  accumulation.  The  very  in- 
herent greatness  of  the  pioneers  who  have  laid  the  foundations 
upon  which  we  now  build  prevented  them  in  a  way  from  acquir- 
ing a  more  worldly  position  in  affairs.  This  tradition,  however, 
is  not  a  virtue  beyond  a  certain  point,  and  the  engineer  by  nature 
is  too  willing  to  give  way  to  others.  The  time  has  come  when  he 
should  take  a  more  worldly  position  in  the  world  which  he  him- 
self has  created. 

In  our  general  relations  to  intellectual  development  we  may 
consider  that  we  are  just  emerging  from  a  classical  period  where 
tradition,  custom,  prejudice,  ignorance  and  dogmatic  religion 
were  the  controlling  forces.  Movements  which  took  place  in 
world  affairs  were  largely  political,  following  the  paths  best 
suited  to  the  advantage  of  the  ruling  classes.  There  was  little 
real  progress,  because  there  was  no  development  of  scientific 
knowledge  and  its  application  in  engineering.  Scientific  truth 
held  no  standing.  The  worship  of  tradition  caused  a  powerful 
reaction  against  any  scientific  discovery  which  might  necessitate 
a  readjustment  of  established  habits  of  thought  and  life. 

For  centuries  before  the  dawn  of  the  scientific  and  engineering 
era  great  changes  took  place  throughout  the  world,  but  little 
real  progress  occurred.  Races  rose  and  fell,  always  falling  back 
to  the  starting  point,  for  there  can  be  no  upward  trend  in  racial 
development  without  the  solid  basis  of  scientific  knowledge  to 
grow  upon.  China  made  great  progress  and  developed  its  early 
civilization  under  scientific  activity  but  during  recent  centuries 
it  has  lived  under  the  worship  of  classical  tradition  and  has 
become  inert. 

A  constant  change  in  point  of  view,  which  is  so  largely  brought 
about  through  developments  in  scientific  knowledge,  seems  to  be 
necessary  for  progress  in  civilization.  Our  civilization  to-day 
differs  from  that  of  a  century  ago  in  proportion  to  the  scientific 
and  engineering  evolution  which  has  taken  place  during  the 
period  through  its  reactions  on  life  in  all  of  its  phases.  Such 
discoveries  in  science  as  the  law  of  gravitation,  the  evolution  in 
species,  the  laws  of  electro-magnetic  induction,  etc.,  have  prob- 
ably had  a  more  profound  effect  upon  the  development  of  the 
human  race  than  any  other  acts  in  history. 

The  engineering  profession  has  passed  through  the  preliminary 
stages  of  its  growth  and  has  reached  a  position  where  the  engineer 
should  work  and  act  not  only  with  proper  attention  to  his  work 
itself  but  with  full  consciousness  of  the  important  relation  of  his 
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work  to  human  affairs  in  general.  Among  the  early  pioneers 
in  engineering  were  many  notable  instances  of  men  of  great 
breadth  of  view.  Men  like  Watt,  Fulton,  Whitney,  McCormick, 
Erickson  and  others.  Specialization  had  not  at  that  time  begun 
to  work  its  narrowing  influences.  Of  recent  years,  however, 
under  the  stress  of  commercial  development  and  economic  con- 
ditions, increasing  specialization  has  taken  place  and  the  engineer 
has  become  obliged  to  compass  his  mind  with  an  ever  narrowing 
horizon.  This  specialization  produces  extraordinary  proficiency 
in  particular  fields,  but  has  the  objectionable  effect  of  narrowing 
the  character  and  outlook  of  the  man  and  of  reducing  his  value 
as  a  citizen.  We  must  take  care  lest  commercial  considerations 
and  the  modern  mania  for  efficiency  in  the  narrow  sense  does  not 
force  our  engineers  to  lose  sight  of  the  world  around  them  in 
their  concentrated  attention  to  the  part  rather  than  to  the  whole. 
This  excessive  specialization  is  a  danger  which  threatens  the 
future  standing  of  the  engineer. 

It  is  interesting  to  recall  in  this  connection  the  results  of  a 
recent  canvass  made  by  a  joint  Committee  on  Education  on  the 
qualities  which,  in  the  opinion  of  some  five  thousand  leading 
men,  engineers  and  others,  best  fitted  a  man  for  a  successful 
career  as  an  engineer.  As  a  result  of  this  vote  only  13  points  out 
of  100  were  assigned  to  purely  technical  knowledge  as  an  essen- 
tial, the  other  87  points  being  allotted  to  broader  qualifications 
such  as  judgment,  character,  human  understanding,  etc.  This  is 
merely  a  quantitative  statement  of  the  many  general  demands 
now  being  made  of  the  engineer  and  it  illustrates  how  the  work 
of  the  engineer  can  be  broadened  but.  It  is  an  encouraging 
symptom. 

A  most  significant  movement  of  recent  times  in  the  engineering 
world  has  been  the  development  of  cooperative  action  among 
engineers  of  all  classes,  and  this  tendency  will,  I  believe,  serve  to 
offset  the  evils  of  specialization.  It  is  the  growing  recognition 
of  the  fact  that  all  branches  of  engineering  are  interdependent. 
We  electrical  engineers,  I  believe,  are  well  aware  how  much  we 
need  the  assistance  of  other  branches  of  engineering  for  the 
successful  fulfillment  of  our  purpose. 

This  cooperative  movement  has  quite  recently  been  given 
tangible  expression  in  the  formation  of  the  Engineering  Council, 
an  act,  I  believe,  of  far-reaching  consequence.  Under  this  organi- 
zation as  a  beginning  the  Civil,  Mechanical,  Mining  and  Electri- 
cal Societies  together  with  the  United  Engineering  Society  are 
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tied  together  for  cooperative  action  through  a  joint  body  of 
twenty-four  representatives.  This  body  will  meet  at  frequent 
intervals  and  will  deliberate  on  matters  of  general  interest  to 
engineers.  It  is  an  encouraging  beginning  toward  universal 
cooperation  among  engineers  in  all  branches  of  work. 

In  this  Engineering  Council  we  have  for  the  first  time  an 
engineering  body  representing  some  thirty  thousand  engineers 
of  sufficient  scope  and  standing  to  create  an  engineering  public 
opinion.  Its  influence  is  likely  to  be  far-reaching  in  building  up 
the  prestige  of  engineers  in  both  technical  and  civic  affairs. 

A  further  development  which  has  reached  full  recognition 
only  in  recent  times  is  the  mutual  appreciation  which  has  grown 
up  between  the  engineer  and  the  worker  in  pure  science.  The 
engineer  looks  to  the  scientist  to  provide  him  with  raw  materials 
of  knowledge  with  which  to  work  out  his  applications,  and  the 
scientist  must  look  to  the  engineer  to  make  his  discoveries  so 
fruitful  that  the  full  effectiveness  of  his  work  on  the  frontier  of 
research  can  be  sustained.  Both  are  working  together  in  order 
to  unfold  nature  in  the  most  effective  way  for  the  benefit  of  man. 

We  electrical  engineers,  I  think,  feel  a  particularly  close  bond 
with  the  pure  scientist  in  that  recent  developments  in  physical 
science  have  disclosed  an  intimate  relationship  between  electrical 
phenomena  and  the  nature  of  energy  and  matter. 

All  of  the  important  movements  which  are  taking  place  at 
the  present  time,  which  center  around  the  engineer  and  his  work 
mean,  I  believe,  that  the  engineer  is  soon  going  to  leave  his 
position  of  isolation  in  independent  fields  of  work  and  realize 
that  he  owes  an  obligation  to  the  community  broader  than  his 
daily  engineering  work,  and  will  contribute  to  the  general  wel- 
fare his  talents  and  experience.  It  matters  not  whether  the 
problems  before  him  are  political,  sociological,  industrial  or 
technical,  I  believe  that  the  engineering  type  of  mind,  if  the 
proper  breadth  of  view  has  been  acquired,  is  best  fitted  to  under- 
take them. 

It  is  not  necessary,  perhaps,  in  important  administrative 
positions  to  have  civil,  electrical  or  mechanical  engineers  as  such, 
but  we  do  need  men  in  those  positions  who  have  had  training  of 
the  type  which  engineering  gives,  with  the  mental  balance,  the 
power  of  analysis  which  such  a  training  develops,  the  resource- 
fulness and  the  faculty  of  recognizing  and  properly  apportioning 
thfijjafious  elements  in  a  problem.  There  is  a  quality  of  mental 
hich  engineering  experience  highly  develops  which  is 
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sorely  needed  in  public  life.  '  The  scientific  and  engineering 
professions  should  rise  up  and  furnish  such  men  from  their  ranks 
for  the  best  welfare  of  the  country. 

The  classicist  contends  that  a  world  dominated  by  scientists 
and  engineers  would  be  cold,  materialistic  and  atheistic  and* 
lacking  in  those  qualities  of  art  and  sentiment  arid  the  imagina- 
tive outlook  which  every  civilization  so  highly  prizes.  To  this 
doctrine  and  its  injustice  to  the  engineer  I  want  to  take  emphatic 
exception.  The  world  today  may  be  inclined  toward  materialism 
but  it  is  not  dominated  by  the  engineer,  far  from  it,  but  by  other 
classes.  The  engineering  mind  on  the  other  hand  is  characterized 
by  a  highly  developed  creative  imagination  and  possesses  to  a 
high  degree  exactly  those  qualities  of  mind  and  temperament 
best  suited  to  combat  materialism.  There  have  been  many 
instances  in  history  of  great  artists  who  have  been  great  en- 
gineers and  vice  versa,  and  I  believe  that  the  two  temperaments 
lie  in  close  relationship.  Furthermore,  scientists  and  engineers 
as  a  class,  have  a  strongly  developed  spirit  of  international 
understanding  and  sympathy  which  may  serve  as  an  important 
safeguard  against  excessive  nationalism  and  aggression. 

And  so,  gentlemen,  I  believe  that  we  can  confidently  look 
forward  to  a  new  era  for  the  proper  fulfillment  of  the  destinies 
of  the  engineer.  Out  of  this  world  chaos  we  now  see  men  of 
engineering  and  scientific  training  rising  to  positions  of  com- 
manding prominence  on  all  sides.  It  is  simply  the  working  of 
the  inevitable  law  of  the  survival  of  the  fittest. 

In  this  great  movement  not  only  must  the  individual  engineer 
play  his  part,  but  the  great  engineering  societies  must  realize 
the  power  of  influence  which  they  are  developing  in  an  ever 
increasing  degree  in  the  community  and  the  obligations  which 
devolve  upon  them. 

And  so  I  hope  that  the  American  Institute  of  Electrical 
Engineers  as  it  passes  along  from  one  administration  to  another 
will  acquire  an  increasing  realization  of  its  duty,  not  only  in 
furthering  the  growth  of  science  and  engineering,  but  in  further- 
ing the  influence  of  the  engineer  in  the  affairs  of  the  country 
and  of  the  world. 


m 


A 


Presented  at  the  332*4  Meeting  of  the  Ameri- 
can Institute  of  Electrical  Engineers,  New 
York,  June  27,  ioi7- 

Copyright  1917.    By  A.  I.  E.  E. 


ADDRESS  BY  PRESIDENT-ELECT  E.  W.  RICE,  JR. 


IT  GIVES  me  great  pleasure  to  meet  you  here  tonight  and  to 
be  thus  introduced  as  your  President-Elect.  I  thank  you, 
and  through  you,  all  the  members  of  our  great  Institution,  for 
the  honor  which  you  have  conferred  upon  me  in  selecting  me 
to  be,  for  a  time,  your  official  leader  and  chief  servant.  I  hope 
I  may  have  the  strength,  the  ability  and  the  opportunity  to 
render  such  service  as  to  justify,  in  some  measure,  your  confi- 
dence. I  fully  appreciate  that,  with  such  a  great  honor,  is 
coupled  an  equally  great  responsibility  and  I  value  the  position 
as  an  opportunity  to  be  of  service  to  you,  and  through  you,  to 
our  Country. 

The  standard  set  by  the  long  line  of  illustrious  and  industrious 
men  who  have  already  filled  the  position  of  President,  will  be 
constantly  before  my  eyes  and  will,  you  may  be  sure,  stimulate 
me  to  do  my  best. 

It  is  a  great  satisfaction  to  feel  that,  by  a  wise  custom  of  our 
Institution,  President  Buck  and  Ex-President  Carty  will  remain 
on  our  Board  of  Directors  throughout  the  term  of  my  adminis* 
tration.  I  shall  lean  heavily  upon  them  for  their  experienced 
counsel  and  assistance. 

No  body  of  men  can  get  together  at  the  present  time  without 
soon  discussing  the  subject  of  the  war,  which  is  uppermost  in 
everyone's  mind. 

The  war  is  the  one  dominating  factor  in  the  world  life  and 
thrusts  itself  before  our  thoughts  whether  we  wish  it  or  not. 
We  are  in  the  war  at  last  and  will  remain  in  it  to  the  end. 
Whether  it  shall  be  a  bitter  end  or  a  bright  end  will  depend 
largely  upon  ourselves,  as  it  is  now  our  war. 

It  has  been  stated  many  times  that  modern  war  was  largely 
a  question  of  mechanics  and  engineering,  a  statement  with 
which  we  must  all  agree.  It  is  self  evident  that  engineering 
must,  therefore,  take  a  leading  and  dominant  position  in  the 
war  work.  Now  the  electrical  engineer  stands  for  about  the 
latest  thing  in  engineering  development;  his  activities  embrace 
practically  all  other  fields  of  engineering,  being,  so  as  to  speak, 
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the  last  word  in  engineering.  The  electrical  engineer  must, 
therefore,  realize  that  this  is  his  war  in  a  very  personal  and 
particular  sense. 

War  calls  for  supreme  sacrifices  and  the  deepest  devotion, 
but  it  also  demands  something  more  difficult  to  give,  and  that 
is  work.  War  may  be  said  to  be  the  personification  of  work, 
not  only  individual  work,  but  especially  organized  and  disci- 
plined work, — disagreeable,  dirty,  heartbreaking,  backbreaking, 
nerve-racking  work,  but  always  work.  No  nation  of  loafers  ever 
won  a  war.  Other  things  being  at  all  equal,  that  nation  or 
people  who  are  willing  to  work  the  hardest  will  surely  win  the 
victory.  Now  I  wish  to  point  out  that  the  enemy  we  are  fight- 
ing is  recognized  as  the  most  industrious  organization  in  the 
world.  Our  enemy  has  prepared  for  war  for  fifty  years  and  has 
been  working  with  ever-increasing  energy  ever  since  the  war 
started  three  years  ago.  We  made  no  adequate  preparation 
during  all  this  time  and  therefore  started  with  a  fearful  handi- 
cap of  lost  time  and  lost  opportunities.  We  must  not  delude 
ourselves  that  our  enemy  is  exhausted,  but  remember  that  he 
has  the  advantage  of  a  flying  start.  We  must  accelerate  at  an 
incredible  rate  if  we  are  to  get  our  war-motor  going  fast  enough, 
soon  enough  to  catch  up. 

Our  enemy  boasts  that  we  have  started  too  late.  We  must, 
by  the  hardest  work  directed  with  scientific  skill  and  accuracy, 
organize  and  effectively  utilize  all  our  power  of  work  to  make 
his  prophecy  an  idle  boast. 

The  country  is  trembling  with  eager  anxiety  to  help.  Men  and 
women  are  offering  their  services  and  their  money.  All  eyes  are 
turned  toward  Washington  and  to  many  everything  seems  con- 
fusion, and  as  a  result,  we  are  full  of  criticism.  Now  I  think  it 
is  clear  that  nothing  is  to  be  gained  by  destructive  and  captious 
criticism.  We  must  discipline  ourselves  with  patience,  and  if 
we  take  a  broad  view,  we  must  adniit  that  progress  is  being  made. 
We  must  remember  that  a  democracy  of  a  hundred  million 
people,  whose  thoughts  and  habits  have  been  entirely  those  of 
peace,  cannot  change  to  the  methods  of  war  in  a  day,  or  a  month, 
or  even  a  year. 

War  is  a  business  and  must  be  handled  as  a  highly  organized, 
centralized,  autocratic  enterprise.  We  must,  no  matter  how 
repugnant  it  may  be  to  our  habits  and  thoughts,  temporarily 
adopt  such  methods  of  our  enemy  as  are  known  to  be  efficient 
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is  so  repugnant  to  our  ideals  that  it  takes  time  to  realize 
the  necessity  for  and  make  the  collosal  changes  demanded 
in  every  direction.  We  must,  therefore,  as  I  have  stated, 
avoid  captious  criticism  and  confine  ourselves  to  constructive 
crticism,  and  that  sparingly  and  sympathetically  administered. 

There  is  one  idea  which  we  must  abandon.  The  great  ma- 
jority of  our  people,  who  have  no  acquaintance  with  science  or 
engineering,  is  prone  to  imagine  that  this  war  will  be  settled 
quickly  by  some  wonderful  new  invention,  as  if  by. an  act  of 
legerdemain;  but  you  engineers  realize  that  such  a  thing  is 
practically  impossible.  It  is  so  hopeless  that  it  is  cruel  to  permit 
any  such  idea  to  take  hold  of  the  American  public.  Neither 
is  it  possible  for  the  war  to  be  settled  by  the  act  of  some  hero  or 
superman.  It  can  only  be  settled  by  the  united  efforts  of  thou- 
sands of  men,  each  contributing  his  bit.  Team  play  in  our  civil 
army  at  home  is  as  essential  as  in  our  fighting  army  abroad. 

I  venture  to  suggest  that  we  cannot  all  occupy  desks  at  Wash- 
ington, and  it  is  well  for  us,  and  for  the  country,  that  we  cannot. 
We  can,  however,  put  ourselves  and  our  business  in  such  con- 
dition as  to  meet  whatever  demand  is  made  upon  us.  Only 
relatively  few  can  be  useful  in  the  direct  service  of  the 
army  and  navy,  but  there  is  plenty  of  honorable  work  and  useful 
work  for  us  to  do.  The  most  effective  work  for  most  of  us  will 
be  in  the  shops  and  offices  at  home,  and  everyone  who  does  his 
work  loyally  and  well,  is  as  much  a  factor  in  our  organized  war 
as  the  man  at  the  front. 

Now,  properly  understood,  the  fact  that  no  single  great 
invention  is  likely  to  be  made  which  will  win  the  war,  is  no  cause 
for  discouragement.  It  does  not  mean  that  there  will  be  •no 
improvement,  no  new  inventions,  no  new  methods  devised  and 
put  into  effect.  It  simply  means  that  we  must  not  wait  for  the 
miracle  which  will  never  appear,  but  get  to  work  and  energetic- 
ally take  advantage  of  all  present  knowledge.  We  must  survey 
the  field,  get  at  all  the  facts,  carefully  determine  our  plans  and 
then  proceed  to  put  them  into  practical  execution. 

Take  for  example  the  matter  of  shipping.  This  perhaps 
presents  the  greatest  immediate  problem  of  the  war,  frightfully 
complicated  as  it  is  by  the  submarine.  I  feel  sure  that  it  can 
be  successfully  solved,  if  we  are  content  to  solve  it  by  the  simple, 
common-sense  methods  used  by  engineers  and  successful  business 
men  in  the  ordinary  course  of  business.  The  problem  must 
first  be  carefully  investigated,  all  available  data  quickly  ob- 
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tained  and  checked,  and  all  new  conditions  considered,  after 
which  a  broad-gaged  well  considered  plan,  or  plans,  can  be 
formulated,  criticised  and  then  put  into  effect. 

Of  course  it  is  elementary  to  say  that  we  must  provide  ship- 
ping in  enormous  quantities  to  replace  that  destroyed  and  to 
provide  for  increased  demands.  It  is  evident  that  time  is  the 
essence  of  the  problem.  We  must,  therefore,  build  the  greatest 
tonnage  in  the  shortest  time.  The  ships  must  be  manned  and 
navigated  to  their  destination  and  the  most  efficient  methods 
provided  for  docking,  unloading  and  loading. 

With  the  situation  such  that  the  race  is  between  ship  building 
and  ship  destruction,  with  the  destruction  many  laps  ahead, 
it  is  vitally  important  that  ships  should  be  loaded  and  un- 
loaded with  the  utmost  expedition.  We  have  recently  heard 
of  an  instance  where  a  large  ship,  after  running  the  gauntlet 
of  a  voyage  to  England,  was  forced  to  visit  several  different 
ports,  and  waste  one  month's  time,  before  starting  the  return 
voyage.  This  loss  of  time  is  equal  to  the  loss  of  a  complete 
voyage.  The  net  tonnage  delivered  per  month  is  the  only 
thing  that  counts,  therefore  ship-tons  saved  are  worth  more  than 
ship-tons  built.  Quick  methods  of  loading  and  unloading  at 
specially  devised  terminals,  here  and  in  Europe,  should  be  de- 
veloped and  put  into  operation.  The  methods  are  known.  It 
simply  remains  for  us  to  organize  and  apply  them. 

We  must  see  to  it  that  the  kind  of  ships,  in  respect  to  size, 
material  and  speeds,  are  such  that  the  greatest  tonnage  may 
be  moved  across  the  seas  in  the  shortest  time.  In  the  time 
element  must  of  course  be  considered  the  time  required  to  build 
silch  tonnage.  If  an  investigation  should  indicate  that  cargo 
ships  can  be  built  which  will  successfully  withstand  one  or  more 
torpedo  attacks,  and  which  can  also  be  provided  with  speed  and 
armament  sufficient  to  give  them  a  good  chance  of  fighting  off 
and  getting  away  from  a  submarine,  they  should  be  built  no 
matter  whether  such  ships  cost  more,  or  are  less  adapted  for 
use  after  the  war,  or  take  a  little  longer  time  to  construct  than 
those  of  the  ordinary  type. 

It  is  entirely  within  the  range  of  possibility  that  such  ships 
may  prove  to  be  the  only  ones  which  will  be  able  to  navigate 
the  seas  with  any  decent  chance  of  surviving.  It  would  seem 
clear  that,  unless  the  submarine  is  swept  from  the  seas,  it  is 
hopeless  to  build  a  large  tonnage  of  slow  moving,  relatively 
small  and  inadequately  defended  ships,  as  the  net  tonnage  which 
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could  be  delivered  by  such  a  fleet  of  ships  will  be  too  insig- 
nificant to  be  of  any  material  value.  We  would  have  bet  on  the 
wrong  horse  and  lost;  therefore,  I  hope  that  we  will  have  the 
foresight  to  build  as  large  a  number  as  possible  of  big,  compara- 
tively torpedo-proof  cargo  ships,  as  soon  as  possible. 

We  should  also,  at  the  same  time,  consider  whether  it  is 
worth  our  while  to  continue  building  large  dreadnoughts,  battle- 
cruisers,  and  the  like,  which  cannot  possibly  be  finished  for 
years  to  come.  Our  ship  building  facilities  are  limited,  and  if  the 
facilities  now  devoted  to  the  construction  of  dreadnoughts  could 
be  immediately  diverted  to  the  construction  of  large  fairly 
indestructible,  high-speed  cargo  ships,  which  can  be  built  in 
half  the  time,  we  would  be  taking  a  great  step  towards  solving 
the  problem. 

So  much  for  what  might  be  termed  the  "defensive  method" 
of  attacking  the  problem.  Along  with  this  defensive  plan,  we 
should  put  into  execution  every  practical  offensive  plan  of 
attacking  the  submarine,  such  as  methods  of  detection  when 
submerged,  methods  of  attack  by  means  of  destroyers,  mines, 
aeroplanes  and  special  artillery.  All  such  methods  should  be,  and 
probably  are  being  developed,  and  while  no  one  of  them  will 
prove  to  be  the  panacea  by  itself,  collectively  they  will  be  of 
the  greatest  value  in  reducing  the  menace.  However,  I  think 
it  is  well  to  emphasize  the  fact  that  the  only  safe  and  sane  plan 
of  action  is  to  assume  that  we  can  only  win  by  pushing  the 
development  of  all  practical  looking  methods  of  attack  and 
defense,  at  the  same  time,  and  to  the  limit  of  our  ability. 

Now  I  am  well  aware  that  there  is  nothing  theatrical  or  start- 
ling, or  novel,  in  the  above  suggested  solution.  For  this  reason 
it  is  not  likely  to  appeal  to  the  great  non-technical  public,  but 
there  is  no  doubt  in  Jny  own  mind  that  it  represents  the  scien- 
tific and  common-sense  method,  and  that  if  followed  with 
patience,  persistence,  vigor  and  diligence,  it  will  prove  successful, 
and  if  successful,  the  war  cannot  be  lost.  All  the  other  prob- 
lems of  the  war — the  aeroplane,  army,  navy,  food,  manufactur- 
ing, farming,  transportation,  etc. — can  be  successfully  sfllved 
by  the  same  scientific,  but  simple  and  common-sense  methods. 

It  is  a  great  satisfaction  to  notice  that  this  country  has  at 
last  awakened  to  the  importance  of  developing  that  great  Amer- 
ican invention — the  aeroplane,  and  of  manufacturing  it  on  a 
great  scale.  We  should  do  everything  to  help  accelerate  this 
work.    If  we  can  get  aeroplanes  of  the  right  kind  to  Europe, 


608  ADDRESS  BY  PRESIDENT-ELECT  [June  27 


soon  enough  and  in  sufficient  quantities,  experts  tell  us  that  it 
will  do  more  to  win  the  war  than  a  large  army. 

We  must  also  not  neglect  the  development  of  the  submarine, 
because  if  we  fail  to  find  a  way  to  drive  the  submarine  from  the 
seas  in  short  order,  and  fail  to  make  relatively  unsinkable  and 
uncatchable  ships,  we  may  have  to  rely  on  big  freight  sub- 
marines, properly  convoyed  by  fighting  submarines,  if  necessary, 
in  order  to  get  food,  material  and  soldiers  to  Europe. 

We  must  not  forget  that,  after  all,  all  these  things  must  be 
done  by  men  collectively  and  that,  therefore,  it  is  essential  for 
us  to  think  and  act  collectively,  and  with  reasonable  unanimity. 
We  must  co-operate  and  not  nullify  our  power  by  quarrels 
among  ourselves.  This  means  tl>at  we  must  be  willing  to  give 
consideration  to  the  views  of  others,  be  ready  to  make  reasonable 
compromises  and  be  constantly  actuated  by  a  spirit  of  concilia- 
tion. We  must  make  every  effort  to  get  men  of  great  experience, 
industry  and  sound  common-sense  in  positions  of  trust  and 
influence.  We  can  then  hope  to  have  the  helpful  suggestions 
offered  by  other  men  of  experience  and  wisdom  given  intelligent 
and  proper  consideration.  We  must  give  our  chosen  leaders 
reasonable  time  to  make  and  carry  into  execution  their  large 
plans.  We  must  get  behind  our  leaders  and  loyally  support 
them,  and  if  after  a  long  and  fair  trial,  we  find  that  we  have  made 
a  mistake  in  our  selection,  we  should  then  promptly  replace 
such  leaders  by  those  more  competent  who  will  surely  be  found. 
This  is  the  only  way  in  which  a  democracy  can  work  and  form 
an  effective  and  efficient  organization. 

I  think  I  have  said  enough  to  indicate  that  there  is  plenty  of 
work  ahead  for  engineers  at  home,  as  well  as  abroad;  in  civil 
life,  as  well  as  camp  life.  Engineers  have  a  great  opportunity 
in  this  war  and  a  heavy  responsibility.  You  have  special 
knowledge,  experience  and  a  forward  looking  point  of  view 
which  the  country  needs,  and  it  is  your  duty  to  see  to  it  that 
you  are  given  the  opportunity  to  make  effective  use  of  your 
talents,  in  the  service  of  the  Nation,  and  if  you  are  not  given 
that  chance,  you  must  persistently  demand  it  until  you  get  it, 
and  then  I  feel  certain  that  the  victory  will  be  on  our  side,  our 
civilization  will  be  saved,  and  the  world  will  be  made  a  safe 
place  for  all  decent  people  who  will  then  be  able  to  turn  again 
to  the  satisfaction  and  joy  of  a  useful  and  peaceful  existence. 
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ANNUAL  REPORT  OF  COMMITTEE  ON  TRANSMISSION 
AND  DISTRIBUTION 

To  the  Board  of  Directors, 

The  Committee  on  Transmission  and  Distribution  submits  the 
following  report  for  the  year  of  1916-17: 

In  order  to  find  a  starting  point  for  the  work  of  this  com- 
mittee a  letter  was  addressed  to  each  of  its  twenty-three  members 
asking  for  definite  suggestions  as  to  the  most  urgent  problems 
concerning  transmission  and  distribution.  Replies  were  received 
from  thirteen  individuals  containing  twenty-four  suggestions. 
Twelve  of  these  suggestions  related  to  high-tension  insulators, 
seven  to  underground  cables,  one  to  lightning  protection,  one  to 
relays,  one  to  towers,  one  to  reactances,  and  one  to  suppression 
of  transient  voltages.  It  appeared  from  the  result  of  this  inquiry 
that  troubles  with  high-tension  insulators  and  underground 
cables  were  uppermost  in  the  minds  of  those  who  replied,  most 
of  whom  were  either  operating  men  or  men  in  close  touch  with 
the  operation  of  transmission  and  distribution  systems. 

After  conference  with  a  few  of  the  members  of  the  committee, 
it  was  decided  to  confine  the  work  of  this  year  to  the  subjects  of 
high-tension  insulators  and  underground  cables.  It  was  further 
decided  that  on  account  of  the  urgency  of  the  problems  involved, 
particularly  regarding  high-tension  insulators,  that  the  subjects 
be  treated  so  far  as  possible  from  the  practical  standpoint, 
theoretical  discussions  being  eliminated  except  so  far  as  they 
indicated  definite  practical  results. 

High-Tension  Insulators 
During  the  last  few  years  the  troubles  with  high-tension 
insulators  have  become  cumulative.  During  the  summer 
seasons  of  1915  and  1916  the  failure  of  insulators  on  some  long 
distance  transmission  lines  resulted  so  disastrously  in  the  way  of 
interruptions  that  it  was  evident  something  had  to  be  done  unless 
we  were  content  to  relegate  long  distance  service  to  the  category 
of  intermittent  or  second  class  power.  Particularly  on  the  Pacific 
coast  these  troubles  had  become  acute.  Some  of  our  best  en- 
gineers were  already  working  on  the  problem.  A  number  of  the 

609 


610 


TECHNICAL  COMMITTEE  REPORTS 


far  western  companies  had  clubbed  together  and  employed  the 
best  talent  they  could  find  to  carry  on  the  investigation.  Pro- 
fessor Ryan  of  Leland  Stanford,  Jr.  University  is  now  busy 
carrying  out  experiments  on  a  very  large  scale  to  determine  the 
effects  of  porosity  in  porcelain.  All  who  are  acquainted  with 
Professor  Ryan  and  his  work  know  that  his  results  when  pub- 
lished will  carry  authority  on  this  point.  It  was  a  great  disap- 
pointment to  us  that  the  paper  promised  by  Professor  Ryari  on 
the  results  of  his  investigation,  to  be  presented  at  this  meeting, 
had  to  be  deferred  a  few  months  on  account  of  extraordinary 
weather  conditions,  making  it  impossible  to  complete  the  data. 

Professor  Peaslee  of  the  Oregon  Agriculture  College  has 
attacked  the  problem  from  the  chemical  and  microscopical 
point  of  view  while  others  have  been  investigating  the  effects 
of  expansion  and  contraction  of  insulators  on  dielectric  strength. 
The  manufacturers  of  insulators  have  also  been  busy.  This  is 
shown  in  Mr.  Austin's  paper  presented  at  this  meeting.  The 
manufacture  of  high-tension  insulators  from  fused  quartz  is 
recommended  by  Mr.  Peaslee.  It  is  hoped  that  some  one  prop- 
erly equipped  will  pursue  this  line  of  investigation. 

What  has  been  accomplished?  The  last  word  has  not  been 
said  on  any  of  these  lines  of  investigation  and  will  not  be  said 
for  a  long  time.  So  far  as  porcelain  insulators  are  concerned  we 
know  (1)  that  porosity  must  be  reduced  to  the  lowest  practical 
limit  to  prevent  absorption,  (2)  that  joints  must  be  so  designed 
and  made  that  the  insulators  will  not  crack  from  expansion  and 
contraction  effects,  (3)  That  insulators  must  have  ample  margin 
of  mechanical  strength. 

Underground  Cables 
It  is  only  within  the  last  few  years  that  users  of  underground 
cables  have  begun  to  realize  the  importance  of  disposing  of  heat 
due  to  copper  and  other  losses.  Conduit  lines  were  designed  15 
or  more  years  ago  with  the  idea  that  there  would  be  from  three 
to  five  watts  lost  per  foot  of  cable.  Even  engineers  seemed  to 
have  a  sort  of  blind  faith  that  these  watts  would  get  away  some- 
where, somehow.  No  one  ever  stopped  to  consider  what  would 
happen  in  case  these  watts  did  not  get  away.  However,  we  have 
found  out  in  the  school  of  experience.  The  lesson  has  been  costly, 
but  it  has  been  learned.  It  is  scarcely  exaggeration  to  say  that  as 
much  skill  is  required  to  design  a  conduit  line  as  to  design  a 
dynamo. 
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The  problem  is  to  dispose  of  heat.  This  may  be  done  in  two 
ways:  (1)  by  minimizing  the  amount  produced,  (2)  by  quickly 
conducting  away  the  heat  that  is  produced.  The  first  is  largely 
the  problem  of  the  cable  manufacturer.  We  have  two  papers 
this  year  which  show  great  advance  in  our  knowledge  of  dielectric 
losses.  The  use  of  certain  insulating  materials  in  saturating  paper 
insulation  greatly  reduces  these  losses.  This  is  well  brought  out 
in  the  papers  by  Messrs.  Bang  and  Louis,  and  by  Messrs.  Clark  & 
Shanklin.  The  reduction  in  losses  is  not  a  small  amount  requiring 
laboratory  tests  to  find.  Cable  ratings  under  some  conditions 
may  be  more  than  doubled.  These  investigations  are  highly 
profitable  and  should  be  continued.  The  second  point  relating 
to  conducting  the  heat  away  from  cables  after  it  has  been  gen- 
erated has  been  brought  out  by  Mr.  Harper.  No  operating 
engineer  can  read  this  paper  without  a  deep  and  sympathetic 
feeling  of  comradeship  with  the  author.  Most  of  the  under- 
ground conduits  now  in  use  were  built  without  any  regard  to 
their  capacity  to  dissipate  heat  and  thereby  immense  sums  of 
money  have  been  thrown  away. 

Mr.  Roper's  paper  on  high-tension  cable  joints  is  the  very 
highest  authority  on  this  subject  and  is  worth  careful  study. 
Probably  there  are  more  breakdowns  at  the  present  time  in 
joints  than  in  all  the  rest  of  a  cable  system.  Practically  all  of 
these  breakdowns  are  avoidable  by  carefully  following  the  recom- 
mendations laid  down  by  Mr.  Roper. 

Suggestions  for  the  Future 

For  the  future  activities  of  this  committee,  I  suggest  that  it 
pursue  the  high-tension  insulator  problem.  The  work  has  been 
started,  but  there  is  much  to  be  done.  Investigations  so  far 
indicate  pretty  clearly  where  the  weaknesses  lie  and  this  is  but 
one  step  from  the  solution  of  the  problem.  We  suggest  that 
further  investigations  be  made  on  the  subject  of  dielectric  loss 
in  cables  to  the  end  that  the  laws  governing  it  may  be  definitely 
known.  It  will  then  be  possible  for  the  manufacturer  to  give  an 
even  quality  of  cable  with  minimum  dielectric  loss. 

We  further  suggest  that  the  use  of  20,000-  or  30,000-volt  cables 
be  investigated.  Some  20,000-volt  cable  is  now  in  use  in  this 
vicinity,  but  we  greatly  desire  to  hear  all  about  it. 

L.  E.  Imlay,  Chairman. 
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ANNUAL  REPORT  OF  TRACTION  AND  TRANSPORTATION 

COMMITTEE 

To  the  Board  of  Directors, 

The  Traction  and  Transportation  Committee  submits  the 
following  report  for  the  year  1916-17: 

At  the  beginning  of  this  year,  the  scope  of  the  Traction  and 
Transportation  Committee,  which  superseded  the  Railway  Com- 
mittee in  accordance  with  the  recommendations  of  the  Special 
Committee  on  Re-organization  of  Technical  Committees,  was 
considerably  enlarged,  and  in  order  properly  to  cover  the  field, 
more  members  were  added.  The  main  committee  was  divided 
into  five  sub-committees,  as  follows: 

Urban  and  Interurban  Railways:  H.  H.  Adams,  Chairman, 
L.  P.  Crecelius,  W.  J.  Harvie,  E.  D.  Priest,  C.  Renshaw. 

Trunk  Lines  and  Heavy  Traction:  N.  W.  Storer,  Acting 
Chairman,  A.  H.  Babcock,  George  Gibbs,  Hugh  Hazelton,  E. 
B.  Katte,  John  Murphy,  W.  B.  Potter,  Wm.  McClellan. 

Electrification  Data:  E.  B.  Katte,  Chairman,  R.  Beeuwkes, 
J.  V.  B.  Duer,  C.  H.  Quinn. 

Interference  of  Electric  Railway  Circuits  With  Telephone  and 
Telegraph  Lines:  C.  F.  Scott,  Chairman,  A.  H.  Babcock,  J.  B. 
Taylor,  H.  S.  Warren. 

Effects  of  Grounded  Railway  Circuits  on  Pipes  and  Underground 
Structures:  E.  J.  Blair,  Chairman,  J.  V.  B.  Duer,  John  Murphy, 
A.  S.  Richey,  H.  S.  Warren. 

Through  the  Sub-Committee  on  Urban  and  Interurban  Rail- 
ways, it  is  hoped  to  bring  the  Institute  into  closer  touch  with 
the  great  body  of  electric  railway  men  who  now  derive  most  of 
their  support  and  assistance  from  the  A.  E.  R.  A.  One  paper 
on  "Gear  Losses"  has  been  secured  by  this  committee,  and  others 
on  "Railway  Motor  Ventilation"  are  in  preparation. 

One  paper  bearing  specially  on  the  question  of  "Heavy  Trac- 
tion" has  been  presented  during  the  year.  This  was  the  paper 
by  Mr.  R.  E.  Hellmund,  on  the  subject  of  "Regenerative 
Braking  of  Electric  Vehicles,"  which  was  presented  at  the  Pitts- 
burgh meeting  of  the  Institute  in  January.  The  paper  itself  is 
a  very  complete  treatise  on  the  subject  covering  the  problems 
and  the  various  solutions  involved  in  regenerative  braking  with 
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different  systems  of  electrification.  It  forms  an  excellent  basis 
for  discussion. 

The  paper  and  the  discussion  that  followed  showed  plainly 
the  great  progress  that  has  been  made  in  the  practical  appli- 
cation of  regenerative  braking  on  heavy  traction  lines  in  this 
country.  The  advantages  of  the  constant-speed  type  of  loco- 
motive with  the  induction  motor  in  use  on  the  Norfolk  and 
Western  Railway  were  clearly  set  forth;  also  the  advantages  of 
the  variable-speed  type  of  locomotive  in  use  on  the  Chicago,  Mil- 
waukee and  St.  Paul  and  the  Lake  Erie  and  Northern  locomotives 
where  direct  current  is  used,  were  fully  brought  out.  The  im- 
portant fact  to  be  derived  from  the  discussion  is  that  regenerative 
braking  is  an  accomplished  fact  and  must  always  be  considered 
in  any  electrification  scheme  where  heavy-grade  work  is  involved. 
It  has  been  demonstrated  beyond  question  that  it  is  a  much 
more  reliable  and  safe  method  of  holding  trains  on  descending 
grades  than  the  use  of  air  brakes  alone  since,  in  any  case,  where 
regenerative  braking  is  used,  the  air  brake  is  always  available  to 
stop  the  trains  in  emergencies. 

While  regenerative  braking  has  not  been  applied  to  trains  of 
multiple-unit  cars,  or  to  single  cars,  in  this  country,  on  a  com- 
mercial scale,  the  hope  and  belief  were  expressed  that  successful 
application  of  regenerative  braking  on  both  would  be  only  a 
question  of  a  short  time.  The  application  in  such  work  will  be 
due,  not  to  the  safety  and  reliability  of  operation,  as  in  the 
heavy  grade  work,  so  much  as  to  the  economies  which  can  be 
effected  in  power  consumption.  It  is  conservatively  estimated 
that  not  less  than  20  per  cent  of  the  power  now  consumed  in  the 
ordinary  multiple-unit  trains  in  city  and  suburban  service,  can 
be  saved  by  the  application  of  regenerative  braking.  This  will 
involve  increased  capacity  in  the  driving  motors  and  a  small 
amount  of  additional  control  equipment,  but  the  net  saving  will 
far  outweigh  the  additional  cost  of  equipment  and  maintenance. 

The  effort  of  the  Sub-Committee  on  Electrification  Data  to 
collect  information  from  existing  railways,  met  with  the  usual 
obstacles.  It  was  decided  that  any  costs  which  might  be  figured 
on  the  electrifications  now  in  operation  would  be  of  very  little 
value  to  the  Institute,  since  »the  conditions  under  which  the 
installations  were  made  varied  so  widely,  and  unless  all  of  the 
facts  could  be  known  the  figures  would  be  very  misleading. 

The  Sub-Committee  on  Interference  of  Electric  Railway  Cir- 
cuits with  Telephone  and  Telegraph  Lines  did  a  considerable 
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amount  of  work,  but  it  was  not  deemed  advisable  to  make  the 
results  public  at  this  time. 

The  Sub-Committee  on  the  Effects  of  Grounded  Railway 
Circuits  took  up  the  question  with  the  National  Committee  on 
Electrolysis,  with  the  special  object  of  seeing  that  the  effects  of 
the  high-voltage  direct-current  lines  where  the  drop  in  the  re- 
turn circuit  necessarily  reaches  comparatively  high  figures,  was 
thoroughly  considered. 

For  the  coming  year,  it  is  recommended  that  the  committee 
continue  the  work  which  has  been  undertaken  this  year.  While 
any  papers  which  would  raise  the  question  of  system  of  elec- 
trification are  distinctly  undesirable,  it  is  recommended  that  a 
series  of  short  papers  by  representative  steam  railway  men  be 
secured,  which  would  explain  in  considerable  detail  the  problem 
which  must  be  met  by  the  electric  railway  engineers  in  super- 
seding the  steam  locomotive  on  the  heavy  transportation  lines. 
This  should  include  not  only  the  problem  as  it  confronts  us  today, 
but  what  the  future  has  in  store  for  us  as  far  as  these  railway 
men  can  predict.  There  is  a  constant  tendency  towards  the 
use  of  much  heavier  and  longer  trains,  larger  locomotives  and 
higher  speeds,  both  in  freight  and  passenger  service.  We  need 
further  information  as  to  what  the  limits  are  likely  to  be;  how 
much  power  must  be  concentrated  in  one  train;  how  necessary 
i;  is  to  operate  the  trains  under  close  headway  during  emergency 
conditions;  how  much  it  is  worth  to  the  railways  to  be  able  to 
do  this;  what  are  the  physical  limitations  that  will  be  mvcrred. 
etc..  etc. 

The  present  committee  is  larger  than  can  be  used  satisfactorily 
and  it  should  be  reduced  to  one-half  or  two-thirds  the  present 
number,  and  composed  cf  men  who  are  able  and  wiling  to 
devote  their  time  to  the  consideration  cf  problems  cc  electric 
r3Li~T\>a<is, 

X  W.  Storsjl  CicHnn. 
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ANNUAL  REPORT  OF  COMMITTEE  ON 
ELECTROPHYSICS 

To  the  Board  of  Directors: 

The  Committee  on  Electrophysics  submits  the  following  report 
for  the  year  1916-17: 

Very  rapid  advances  are  being  made  in  physics;  entirely  new 
fields  are  being  opened  up,  new  conceptions  formed.  In  order 
that  engineering  may  advance  as  rapidly  as  it  should,  it  is 
necessary  for  the  engineer  to  keep  familiar  with  and  to  apply 
the  discoveries  of  the  scientist  and  the  physicist.  Much  of  the 
work  of  the  physicist  is  published  in  various  scientific  and 
philosophical  magazines  seldom  read  by  engineers.  It  is  difficult 
for  the  engineer  to  get  the  perspective  view  which  he  needs  and 
should  have.  Realizing  this,  the  Electrophysics  Committee  were 
able  to  secure  Dr.  R.  A.  Millikan,  President  of  the  American 
Physical  Society,  to  deliver  a  lecture  on  "Modern  Physics"  at 
the  mid-winter  convention  in  New  York,  on  the  evening  of 
February  15th.  The  enthusiasm  with  which  this  lecture  was 
received  by  an  overflowing  audience  is  without  precedent.  Dr. 
Millikan's  lecture  will  be  published  in  the  Transactions.  We 
believe  at  least  one  such  lecture  should  be  delivered  annually. 

Cooperation  and  mutual  understanding  between  physicists 
and  engineers  are  of  the  utmost  importance.  The  Technical 
committee  of  the  Physical  Society  bears  a  somewhat  similar 
relation  to  its  society  with  respect  to  engineering  as  our  com- 
mittee does  to  our  society  with  respect  to  physics.  We  have 
had  the  most  helpful  cooperation  from  this  committee  and  much 
of  the  success  of  our  Electrophysics  session  at  the  mid-winter 
convention  on  February  15th  was  due  to  their  active  assistance. 
The  members  of  the  Physical  Society  were  invited  to  our  meeting 
and  took  part  in  our  discussions  as  well  as  attending  Dr.  Mil- 
likan's lecture.  Their  technical  committee  also  arranged  for 
meetings  of  the  Physical  Society  in  New  York  immediately 
following  our  meeting,  which  many  of  our  members  attended. 
We  believe  that  joint  or  parallel  meetings  are  of  great  value. 
It  would  be  desirable,  if  practicable,  to  have  interlocking  mem- 
bers on  the  committees.  For  instance  the  chairman  of  one 
committee  an  ex-officio  member  of  the  other  committee.  In 


'  ''-'S",r&  arid  ?*r.-z2j'j&r.r.rz  n  H:dr-.»r?r."\  -7  J  ^  ZjaT-k  ar>d 

*"Tht  Ej»?r:ri'  StrK^rih  ie  Air-" I tj      3  ^Trrr^yaf  and 
VT.  S .  Brrnrr. 

'  fr^-.7jk?.rrjz/l'^r+r~.  Ctrrrrts  zj  the  Mr*ih:*i  :c  Gogra/rird 

Mar.y  ™:rjrtar:t  -hyvr.^1  papers  :t  rrtst  Tahae  sad  scy 
v,^: i  Js£l2\fs,  verjie?  rr^oe  hy  e^rjeaers.  whozh  r^ar=raZy  rirst 
a^^ar  rr;  •fzjr^^r^  yszrzsL\.  are  Ljst  physkasts  because 
d'.  r^t  rEad  t'oese  vrr-Vc  and  because  wbe:  tbey 
art  r*rr*?w+fi  arri  report^  they  are  recorded  ader  the  hrartrrrg 
of  4  Er^r^rrir^"'  rather  than  —  ier  the  bea/*— .g  oc  "Physics*'. 
Thi.%  i*  a  ^rtat  ecor^jcrdc  loss,  and  attempts  sh  jcjd  be  raade  to 
r«»e*iy  this  or^dit;^. 

We  1>elieve  efforts  shc^ild  be  made  to  occttirtae  arxi  to  further 
w/penttioc  VetTCen  enzir.eers  arid  physicists;  it  is  their 
jr.'jvja*  advantage. 

F.  W.  Peek,  Jr.,  Ciciiws. 
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ANNUAL  REPORT  OF  COMMITTEE  ON  LIGHTING  AND 
ILLUMINATION 

To  the  Board  of  Directors, 

The  Committee  on  Lighting  and  Illumination  submits  the 
following  report  for  the  year  1916-17: 

The  Lighting  and  Illumination  Committee  sought,  early  in  the 
year,  to  find  some  specific  activity  upon  which  it  might  legiti- 
mately concentrate  its  efforts  with  profit  to  the  members  of  the 
Institute  and  with  some  measure  of  good  to  the  art  of  lighting. 
This  ambition  was  not  realized,  as  the  committee  was  unsuccess- 
ful in  finding  such  an  activity  that  was  not  already  under  con- 
sideration or  that  ought  not  more  logically  be  undertaken  by  the 
Illuminating  Engineering  Society,  which  is  specially  organized 
for  the  investigation  of  lighting  problems  in  general. 

The  Lighting  and  Illumination  Committee  considers  that  it 
may  render  a  valuable  service  to  the  Institute  by  securing  papers 
on  illumination  topics  that  are  of  peculiar  interest  to  the  members 
of  the  Institute  or  are  of  such  general  interest  as  to  warrant 
their  presentation  in  abstract  form  before  this  body.  The 
committee  has  several  suggestions  for  papers  of  this  character 
to  hand  over  to  next  year's  committee  as  it  was  not  feasible  to 
procure  them  in  time  for  presentation  this  year. 

The  committee  also  considers  that  it  may  render  some  service 
to  the  Institute  in  incorporating  in  this  annual  report  a  very 
brief  statement  of  recent  progress  in  the  science  and  art  of  illu- 
mination, referring  to  a  few  of  the  most  salient  features  of  that 
progress,  and  not  in  any  sense  attempting  to  classify  categorically 
the  recent  developments  or  even  to  suggest  a  true  perspective. 
For  such  a  presentation  the  members  of  the  Institute  are  referred 
to  the  Report  of  the  Committee  on  Progress  of  the  Illuminating 
Engineering  Society. 

Progress  in  Electric  Illumination 

The  marked  progress  in  electric  lighting  in  the  past  few  years 
is  founded  largely  on  the  reduced  cost  of  luminous  flux.  The 
higher  lamp  efficiencies  which  have  been  realized  in  the  newer 
electric  lamps,  together  with  the  gradual  decline  in  cost  of  power, 
have  combined  to  cheapen  luminous  flux  to  such  an  extent  that 


zhe:  xr^^rh^t  r-.&r  csn  with  urmr  tAgg  j^rrnry  ros:  t.r  a 
rnrySsrsne  'SearK  h:  cr-5*r  i :  frh-srisg-  t.:  i  rrsfctsr  Dssrat  ire  sfeta*- 
f2*c~t£tn>*r_-t  x  la*  znK^Hi~i:nL  In  this  t'^yss  — re  ariisiioi. 
£t  r:  p&rt  the  t^t^rcy  c  rnrzrf  hnrher  £!!.■  :  iLtjin  ir^na- 
"5*r.  c#rnh  ~-tsrrr~-  *rrit  cm r  j:r*  rhi±  -rr»  psnsril  *u=«  nf  ^nfzrec* 
cr  y^r.zkly  z^i—rzrr*  rirhthir  f7n.-sr;;-  231  "Lbf  5e=2inf  for  sc» 

or  the  ~zrxxr.  krcitlr  ct  crctac  pasfwart.. 

J*  ii  rcrx  mt^-Serf  v.  the  hrrrrrssSiri  ths.t  the  jitoct  ross 

thru  ntarkec  ^^e^-c-zcercc  he  arc±5:isl  £Zt — r-.f.tiir:  practise. 

vaha%  'X  the  newer  ize&s  ct  Hrr-—£.iiziz  the  ecssZy  mnrort- 
ant  yrst£*?fi  rc  ce~."eScc*htz  'lit  miesns  r  7  v-h5:h  these  rjorre  highly 
de^eGc«c*tJc!  y5ea>r  may  r«e  realized  in  tx^rtise- 

A  few  tuartichlar  cases  ct  trogress  rr^y  re  merrtSroed.  One  cc 
tht  m-cre  imt>crrtarc  ct  these  is  perhar»s  the  artrrcximate  neaHza- 
tict:  of  the  cuahty  of  daylight  in  artif-risJ  iltmtcmstSrci.  secured 
throx^rh  the  de^el  cement  of  2  special  r'-ctifh  bnTr .  which.  21  acrae 
'^rr.  ce  of  the  lamp  erhciency.  rr.  cehSes  ry  selective  absorption 
the  quality  ct  hmcmcri;  rux  emitted  ry  the  |^s»£Z-ed  tungsten 
lamp .  *c  that  the  transmitted  fen  has  a  spectral  distTfrutirc:  of 
the  %ame  general  character  as  sunlight.  The  tractical  possi- 
oil:t5e=  of  tuch  a  device  are  rncmseciacely  evitent,  C*re  cf  the 
mor:  mtcyxtant  applications  is  to  re  f:«ur>i  in  the  lighting  of 
mtiseurr^  or  art. — an  a^h^atitt:  which  has  recently  been  made 
with  marked  y^—jz^. 

"YssA  h^htin?"  c^ti;t:t-tes  ancther  particular  case  of  recent 
progress  worthy  of  special  mentitn.  The  arrlicatirn  in  the 
lighting  of  t"ie  Statue  of  Lfrerr.-  is  the  mr»st  prc-minen:  iZtistra- 
tior.  of  thi-  type  of  ilumrnat it-n.  hut  it  is  being  used  in  the  most 
varied  iray  .  many  of  which  have  marked  practical  vahie.  In 
connection  with  f  »d  hunting  may  he  mentioned  the  recent 
activity  regarding  projection  lamps  in  general,  and  the  present 
prominence  of  the  question  of  autcmorile  headlights  and  other 
searchlights. 

One  other  example  of  progress  is  to  be  found  in  the  consider- 
able increase  in  the  use  of  ornamental  "White  Way"  lighting  fox 
main  business  streets,  and  ornamental  boulevard  and  residential 
street  lighting.  This,  of  course,  has  resulted  in  a  general  revising 
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of  the  standard  of  illumination  throughout  streets  of  lesser  im- 
portance, but  joining  more  or  less  closely  the  "White  Way" 
districts.  Along  with  the  better  lighting  of  business  streets  there 
is  a  gradual  tendency  to  improve  residence  street  lighting  and  to 
make  better  use  of  the  light  flux  available  on  such  streets  by 
more  rational  subdivision  of  units  and  by  utilization  of  light  flux 
heretofore  wasted  for  the  lack  of  proper  directing  devices. 

In  closing  this  brief  report  reference  should  be  made  to  the 
growing  acceptance  of  the  idea  of  legalizing  lighting  codes.  Two 
years  ago  a  Committee  on  Lighting  Legislation  of  the  Illuminat- 
ing Engineering  Society  presented  to  the  society  a  report  con- 
taining a  code  of  factory  lighting.  During  the  past  year  this  code 
has  been  adopted  and  become  a  law  in  the  states  of  Pennsylvania 
and  New  Jersey. 

Automobile  headlight  glare  which  has  been  the  subject  of. 
considerable  legislation  has  in  general  been  treated  in  a  very 
unscientific  manner  until  very  recently.  Now,  however,  there 
is  decided  evidence  of  an  awakening  among  technical  men  on 
this  subject  and  a  better  understanding  of  the  problem  to  the 
end  that  satisfactory  solution  of  the  problem  appears  to  be  in 
sight. 

E.  P.  Hyde,  Chairman. 


ATOUJX  KEPOSX  OF  COlOOTTEg  OS  ECOSOMKS  OF 
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7*  ii*  JJ**r*  5f  Znr*GA~i„ 
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I>zrtrjj  the  za&z  jzatz  ths  rr:t —  Tit  has  :ar-3ed  ai  -rag  oc 
rta  w«trk  '.7  tncrgcjaaamce  :c  there  ha-rt  been  2  zzzzher  if  ibe 
rbt  w*re  tr,c.-«-?r-yrtI~  st^ated  with  ^fssmt  to  X«r 


Yvrk  Cr.v.    The  if  the  rcr  -  ttae  s  best  zr»3caied  by 

the  fact  z'r.ssZ  h  ha*i  tharrt  if  the  rncrarz  fir  the  Izialistg 
raeetn^  oc  Xvr*=±er  I  'xh.  I  >!■>  the  srhTecs  z£  the  caper?  ai 
"rat  ~i»esr-g  zmzzjz.  Efz-xz  if  Recent  Crcn  Deesarcs  re  ibe 
Week  cf  1-Tentr.ry  ani  AcccasaL '  hy  PhfjarjSer  Bees.  FeZ»^; 

£.  Carrer   Member:  "Growth  and  Decrtca^rc."*  by  J^jas 

fjz>  Azsrl  I4:h  mvrtati.ic  to  received  frttr  the  Yih=Atx?rt 
Terr™iiGier  Ctmmrttee  if  the  Xatiical  Ejecrrx  L^ht  Assccsa- 
tec  1*1  send  three  recreser  ia::  ves  t^i  the  ;»:cn:  sesax  :f  ihat  com- 
mit tat  wrth  representatives  if  tther  sixties,  to  re  held  rc  May 
4th  As  the  result  if  the  nvnatim.  Mr.  Chftcrt  W^ier.  Mr. 
Wz.  B  Jadecc  arid  I>r.  P^fZan-ier  Bens  w^re  iex^nated  to 
attend  the  same.  Of  these.  Mr.  Jackscc  was  the  rely  coe  who 
was  ablie  M  atter.i.  'mt  Mr.  Cihn  was  present,  recrcsectfr^: 
Mr.  WDSer . 

At  the  crjemrttee  meeting  referred  tc  there  were  in  atteoiance 
members  t?_e  Xatiinal  Ejectri:  L^rht  Assoctatirm  Aroerxan 
in=t:t~le  it  Elecirital  Errirjeers.  American  Society  x  Meciari- 

iray  As.s/xtat:tr..  American  Distrizt  S:eant  Heating  Assocsatacri 
ar.-J  the  Ra^road  F^evlients*  Conference  C:nt~:tee. 

the  meetir.^  shtuld  adipt.  Mr.  J.  X.  Shanrahar:  was  ejected 
Chairman,  and  after  a  lively  discuss- :n.  it  was  decided  =h>t  to 
rr^Vf  any  rec-:mmer-  la*. : ens  as  tc  the  frrmatim  ci  a  frier:  com- 
mittee at  this  time. 

The  de£nit:cns  of  the  terms  which  the  X.  E.  L.  A.  cotnntixtee 
have  prepared,  were  discussed  and  it  was  decided  that  etch 
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person  who  was  appointed  to  represent  an  association  at  the 
meeting  should  receive  or  be  sent  a  copy  of  the  definitions  of 
the  N.  E.  L.  A.  and  of  the  A.  E.  R.  A.,  and  that  each  should  be 
asked  to  send  to  Mr.  Shannahan  criticisms  of  the  definitions: 
these  to  be  manifolded  and  sent  to  each  of  those  authorized  to 
meet  with  the  committee,  so  that  there  will  be  working  material 
as  a  basis  for  discussion  when  the  enlarged  committee  is  again 
called  together.  The  committee  then  adjourned  to  re-assemble 
at  the  call  of  the  chairman. 

The  American  Society  of  Civil  Engineers  has  recently  dis- 
cussed similar  definitions  in  connection  with  the  discussions  of 
appraisals.  These  definitions  differ  so  greatly  from  the  defini- 
tions accepted  by  economists,  financiers  and  engineers,  generally, 
that  the  importance  of  the  work  of  this  joint  committee  is  at  once 
apparent. 

It  is  recommended  that  the  committee  be  continued,  with 
general  instructions  to  continue  its  conference  with  represen- 
tatives of  the  other  societies. 

Philander  Betts,  Chairman. 
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During  the  meeting  in  Chicago  it  developed  that  because  of 
a  lack  of  a  conventional  name,  considerable  space  in  the  papers 
and  time  in  the  meeting  was  consumed  in  defining  the  terms  used 
in  the  discussion.  While  it  is  entirely  probable  that  the  details 
of  these  various  types  of  relays  will  be  altered  and  improved 
from  time  to  time,  it  is  quite  evident  that  the  types  of  relays  will 
endure,  and  it  is  suggested  that  the  nomenclature  of  these  several 
types  of  relays  be  referred  to  the  Standards  Committee. 

The  discussion  on  the  relay  papers  in  Chicago  indicated  that  a 
number  of  the  companies  in  the  larger  cities  were  rapidly  chang- 
ing their  practise  in  the  operation  of  transmission  lines  due  to  the 
development  in  relays.  Heretofore  most  of  these  companies,  in 
order  to  obtain  localization  of  the  trouble  upon  the  breaking 
down  of  a  transmission  line,  have  operated  their  lines  radially, 
that  is,  singly  and  not  in  parallel  at  the  substation  ends.  This 
plan  of  operation  confined  the  service  interruption  following  a 
breakdown,  to  the  load  being  carried  on  this  transmission  line. 
With  the  advent  of  the  later  types  of  relays,  which  have  been 
developed  by  several  manufacturing  companies,  a  number  of  the 
central  station  companies  are  now  operating  their  transmission 
lines  in  parallel  in  a  number  of  combinations,  as  they  find  by 
experience  that  the  relays  are  reliable  for  this  service.  This 
method  of  operating  transmission  lines  in  parallel  results  in  a 
considerable  economy  in  transmission  line  copper  due  to  the 
diversity  in  the  load  on  the  various  transmission  lines.  With  the 
present  high  prices  for  copper,  any  development  in  relays  which 
will  permit  greater  economy  in  transmission  line  copper  should  be 
of  interest  to  a  large  part  of  the  Institute  membership. 

It  also  appeared  from  the  discussion  that  some  companies 
were  using  a  simple,  low  priced  relay  and  securing  practically  the 
same  service  as  other  companies  with  a  higher  priced,  more 
complicated  relay,  and  under  practically  the  same  conditions. 
It  also  appears  that  some  companies  are  experimenting  with 
types  of  relays  under  certain  conditions,  which  have  been  tested 
by  other  companies  under  practically  the  same  conditions  and 
abandoned  because  unsatisfactory. 

In  view  of  this  situation,  which  has  been  known  to  the  com- 
mittee for  a  number  of  months,  but  which  was  accentuated  by 
the  discussion  at  the  Chicago  meeting,  the  committee  has  under- 
taken to  prepare  a  questionaire  regarding  relays,  but  owing  to  the 
circumstances  during  the  past  few  months  they  have  been  unable 
to  put  this  questionaire  in  form  to  be  sent  out  to  the  various 
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ANNUAL  REPORT  OF  COMMITTEE  ON  INDUSTRIAL 
AND  DOMESTIC  POWER 

To  the  Board  of  Directors, 

The  Committee  on  Industrial  and  Domestic  Power  submits  the 
following  report  for  the  year  of  1916-17: 

At  the  October  1916  meeting  of  the  Board  of  Directors  the 
committee  name  was  changed  from  "Committee  on  Electricity 
for  Industrial  and  Domestic  Use"  to  "Industrial  and  Domestic 
Power  Committee."  A  rather  large  committee  was  selected,  as 
the  chairman  desired  to  consider  a  new  field  of  activity  and 
wanted  to  get  as  wide  an  expression  of  opinion  as  possible. 

Three  meetings  of  the  committee  were  held;  the  first  in  Phila- 
delphia in  October,  the  second  at  Pittsburgh  in  January  and  the 
third  at  Chicago  in  March.  In  addition  a  sectional  meeting  was 
called  in  Cleveland  in  December. 

Of  the  twenty-two  members  on  the  committee  16  have  at- 
tended one  or  more  of  the  meetings  and  of  the  other  six  the  chair- 
man has  personally  seen  and  talked.t)ver  the  committee  work  with 
all  but  one. 

The  committee  has  been  represented  at  every  meeting  of  the 
Meetings  and  Papers  Committee. 

The  presentation  of  papers  under  the  auspices  of  the  com- 
mittee was  confined  to  two  sessions  at  the  midwinter  convention 
in  February  on  the  general  subject  of  "Control  of  Industrial 
Motors."  The  committee  responded  well  to  the  request  for  a 
list  of  papers  available  for  presentation  before  local  sections,  and 
with  the  cooperation  of  other  committees  compiled  a  list  of  about 
110  such  papers. 

In  1914  the  committee  started  an  investigation  of  standard 
sizes  for  carbon  brushes.  Up  to  that  time  no  effort  had  been 
made  along  this  line  with  the  result  that  nearly  5,000  variations 
of  sizes  and  special  work  were  in  use.  The  present  chairman 
has  actively  followed  this  line  and  in  1915  interested  the  Elec- 
tric Power  Club.  After  a  great  deal  of  work  on  their  part  a 
meeting  was  called  in  Cleveland  between  representatives  of  the 
Electric  Power  Club  and  the  Carbon  Section  of  the  Associated 
Manufacturers  of  Electrical  Supplies,  with  the  chairman  of  this 
Committee  as  the  chairman  of  the  meeting.    Subsequent  meet- 
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6.  Holes  or  Slots  in  Shunt  Terminals 
It  was  decided  that  exact  sizes  are  not  essential,  but  that  the  following 
shall  be  adopted  as  a  maximum  for  the  screws  specified,  and  the  minimum 
shall  allow  sufficient  clearance  to  permit  the  screw  entering  the  slot  or 
hole  without  binding. 

No.  8  and  No.  10  screws   7/32-inch  hole  or  slot 

No.  12  and  No.  14  screws   Ji-inch  hole  or  slot 

5/16-inch  screw  11/32-inch  hole  or  slot 

J^-inch  screw  13/32-inch  hole  or  slot 

7.  Bevels 

Bevels  on  carbon  brushes  shall  vary  by  steps  of  five  degrees  and  shall 
be  accurate  to  within  one  degree  above  or  below. 

The  length  of.  a  beveled  brusn  shall  be  the  distance  from  the  end  to 
the  toe  of  the  bevel,  if  beveled  on  one  end  only,  or  the  distance  from  toe 
to  toe  measured  parallel  to  the  face  of  the  brush  when  both  ends  are  bev- 
eled. In  other  words  the  length  will  be  that  of  the  square-ended  brush 
from  which  the  beveled  brush  was  made. 

8.  Plated  Brushes 
Dimensions,  limits,  etc.,  to  be  the  same  as  for  plain  brushes,  except 
thickness  limits,  for  which  see  Paragraph  4. 

The  greater  part  of  the  year's  work  has  not  been  finished  but 
the  committee  hopes  to  have  the  papers  ready  for  presentation 
next  fall.  It  undertook  to  begin  a  study  of  motor  and  control 
application  to  various  industries.  It  believes  there  is  a  best  type 
direct-current  motor,  a  best  type  alternating-current  motor  and  a 
v  best  type  controller  for  every  important  machine  in  every 
industry.  The  committee  has  undertaken  this  year  to  begin  a 
study  of  three  fields;  cement  industry,  passenger  elevators  and 
metal  working  industry.  For  this  purpose  three  sub-chairmen 
were  appointed,  one  in  charge  of  each  division.  As  stated  above, 
the  work  is  not  completed  but,  if  the  committee  is  held  largely 
intact  for  another  year,  it  is  believed  we  can  make  complete 
recommendations  for  the  cement  industry  and  passenger  eleva- 
tors. The  metal  working  industry  is  too  extensive  to  cover  in 
such  a  short  time  and  the  sub-committee  in  charge  of  this  division 
is  making  a  study  of  some  of  the  most  important  machine  tools. 
The  results  are  to  be  presented  in  convenient  table  form. 

Care  will  be  taken  to  keep  recommendations  of  such  a  general 
nature  that  they  will  not  discriminate  between  manufacturers. 
In  every  case  where  recommendations  are  made  they  will  include 
both  alternating  and  direct-current  motors  without  favoring 
one  over  the  other. 
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The  committee  enlisted  the  services  of  local  Industrial  and 
Domestic  Power  Committees  and  responses  were  received  from 
Seattle,  Milwaukee,  and  Cleveland  with  assurances  that  any 
work  outlined  by  the  committee  would  be  carried  out  to  the  best 
of  the  ability  of  the  local  committee  members.  The  Industrial 
and  Domestic  Power  Committee  recommends  that  a  careful 
study  be  made  to  determine  to  what  extent  local  and  national 
technical  committees  can  cooperate  in  their  work  to  mutual  ad- 
vantage. It  has  been  suggested  that  perhaps  the  technical 
committees  depend  too  much  on  specialists  and  not  enough  on 
the  vast  fund  of  practical  experience  of  the  membership  at  large. 

E.  H.  Martindale,  Chairman. 
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ANNUAL  REPORT  OF  COMMITTEE  ON  TELEGRAPHY 
AND  TELEPHONY 

To  the  Board  of  Directors, 

The  Committee  on  Telegraphy  and  Telephony  submits  the 
following  report  for  the  year  1916-17: 

Cooperation  in  Avoiding  Interferences 
Cooperation  between  the  representatives  of  lighting  and  power 
interests  and  the  operators  of  telephone  and  telegraph  plants, 
directed  toward  avoiding  hazards  and  interference,  has  pro- 
gressed, and  the  engineers  of  these  different  utilities  are  becoming 
better  acquainted  with  the  problems  involved  leading  toward  the 
friendly  settlement  of  differences.  Specific  cases  of  interference 
are  being  met  by  the  application  of  principles,  some  of  which 
have  been  established  as  the  result  of  experience  and  others 
which  are  in  more  or  less  advanced  stages  of  development. 

Telephony 

Applications  of  the  developments  which  made  transcon- 
tinental telephony  possible  have  been  extended  so  that  now  the 
cities  of  over  50,000  population  in  the  United  States,  as  well  as 
the  territory  adjacent  to  them,  have  been  placed  in  telephonic 
communication  with  each  other.  These  improvements  which 
have  increased  the  range  of  telephone  transmission  many-fold 
have  been  made  with  only  slight  changes  in  the  lines  and  equip- 
ment and  with  no  change  whatever  in  the  subscriber's  station 
apparatus. 

Beyond  the  advantage  to  the  public  of  such  a  universal  system 
of  communication,  its  special  value  under  war  conditions,  in 
problems  of  national  defense,  is  of  transcendent  importance. 
This  was  demonstrated  during  the  past  year  by  a  mobilization  of 
systems  of  communication  made  at  the  request  of  the  Secretary 
of  the  Navy.  This  demonstration  was  conducted  in  cooperation 
with  naval  officers  under  the  command  of  the  Chief  of  Naval 
Operations.  Continuously  during  three  days  the  Navy  Depart- 
.  ment  at  Washington  and  the  Navy  Yards  and  Naval  Stations  in 
the  Continental  United  States  carried  on  all  their  communication 
with  each  other  and  with  the  naval  force  in  that  territory  by 
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telephone  and  telegraph  over  the  wires  of  the  Bell  System. 
During  this  period  instantaneous  telegraph  and  telephone  com- 
munication between  any  points  involved  in  the  mobilization  was 
possible. 

Included  in  this  demonstration  was  a  test  of  wireless  telephony. 
The  battleship  New  Hampshire  was  connected  with  the  system 
by  wireless  telephony  and  was  able  to  receive  and  send  com- 
munications while  the  vessel  was  at  Hampton  Roads  and  even  as 
far  out  to  sea  as  the  southern  drill  grounds.  Conversation 
between  the  Mare  Island  Navy  Yard  on  the  Pacific  and  the 
battleship  New  Hampshire  while  at  sea  was  possible.  Captain 
Bennett,  in  command  of  the  Mare  Island  Navy  Yard,  conversed 
with  Captain  Chandler  on  the  New  Hampshire  which  was  at  that 
time  in  a  storm  on  the  Atlantic.  This  conversation  was  trans- 
mitted over  the  transcontinental  telephone  wire  circuit  from 
Mare  Island,  California,  to  the  radio  station  at  Arlington,  Va., 
and  there  transferred  automatically  to  the  wireless  from  Arling- 
ton to  the  ship  at  sea,  the  return  conversation  taking  the  opposite 
course. 

The  mobilization  was  intended  primarily  to  test  the  efficiency 
of  the  wire  system  in  time  of  war.  The  Secretary  of  the  Navy 
and  the  Admiral  in  command  at  Washington  talked  to  the 
commanding  officers  of  the  naval  stations  on  the  Pacific  coast, 
on  the  Gulf  and  Atlantic  coasts  and  on  the  Great  Lakes.  The 
results  of  this  mobilization  were  most  satisfactory  and  demon- 
strated that  the  plant  and  organization  involved  were  in  com- 
plete readiness  to  respond  in  case  of  national  emergency. 

Telegraphy 

In  the  subject  of  telegraphy,  beyond  the  increasing  use  of 
automatic  devices  and  methods,  there  have  been  no  new  develop- 
ments completed  concerning  which  reports  can  be  made  at  this 
time. 

Radio-Telegraphy 
Along  the  lines  of  commercial  application  of  radio-telegraphy 
there  has  been  an  extension  in  the  long  distance  service  by  the 
Marconi  Company  opening  up  communication  with  Japan  via 
Honolulu.  There  are  also  high-powered  U.  S.  navy  stations 
located  in  California,  Hawaii,  the  Canal  Zor  Philip- 
pines. The  two  German  stations  located  at  S  ker- 
ton  have  done  a  large  business  in  transmitti  *nd 
from  Germany  directly. 
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The  tendency  in  radio-telegraphy  in  its  use  on  ships  has  been 
towards  standardization  in%the  form  of  the  sets.  This  is  par- 
ticularly true  in  the  spark  type  of  sets.  There  has  been  an 
increasing  use  of  sustained  waves  on  ship  stations.  The  general 
service  rendered  by  the  ship  stations  has  continued  to  be  of  large 
and  increasing  value. 

The  use  of  sustained  waves  is  increasing.  The  power  required 
for  this  method  is  generated  by  arcs  or  by  high-frequency  alter- 
nators either  directly  or  through  frequency  transformers. 

F.  L.  Rhodes,  Chairman, 
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ANNUAL  REPORT  OF  COMMITTEE  ON  THE  USE  OF 
ELECTRICITY  IN  MINES 

To  the  Board  of  Directors, 

The  Committee  on  the  Use  of  Electricity  in  Mines  submits 
the  following  report  for  the  year  of  1916-17: 

Principal  Developments  in  the  Use  of  Electricity  in 

Mines 

The  more  notable  advances  in  the  use  of  electricity  in  mines 
during  the  past  year  have  been  in  the  directions  enumerated 
below: 

The  development  of  storage-battery  locomotives  and  com- 
bination storage-battery  and  trolley  locomotives. 

The  development  of  trolley  locomotives  in  sizes  up  to  35  tons. 

The  development  of  the  so-called  1  'arc-master* '  for  use  with 
mine  locomotive  controllers. 

The  increased  use  of  power  purchased  from  central  stations. 

The  application  of  electric  motors  to  the  ventilating  fans  of 
coal  mines. 

General  improvement  in  the  design  and  construction  of  mine 
electrical  equipment,  and  increased  use  of  interpoles  and  improve- 
ment in  the  methods  of  impregnating  motor  windings  to  make 
them  moisture  resisting. 

The  increased  use  of  2200  volts  and  higher  voltages  for  under- 
ground transmission  and  for  direct  application  to  stationary 
motors  used  in  mines. 

The  development  of  explosion-proof  motors  for  coal  mines. 

The  development  and  widespread  adoption  of  self-contained 
portable  electric  lamps  for  miners.  (This  is  believed  to  be  one 
of  the  most  effective  safety  measures  that  has  been  taken  in 
some  time). 

The  development  of  a  practical  electrically  operated  recipro- 
cating drill. 

The  increased  use  of  electrically  operated  coal  cutting  equip- 
ments. 

Increased  interest  in  safe  electrical  equipment  and  measures 
for  safeguarding  the  use  of  electricity^in*mines. 
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.  Activities  op  the  Mines  Committee 
The  Mines  Committee  was  reorganized  rather  late  in  1916  and 
for  that  reason  has  not  accomplished  as  much  as  the  members 
could  have  desired.  The  committee  has  recommended  to  the 
Institute  that  active  steps  be  taken  to  increase  the  membership 
of  the  Institute  among  electrical  engineers  engaged  in  mining 
work.  They  have  also  recommended  that  a  vocational  classi- 
fication be  made  of  the  membership  of  the  Institute,  to  the  end 
that  all  technical  committees  can  readily  determine  what  engi- 
neers are  interested  in  the  particular  work  of  the  committee. 

The  committee  has  also  recommended  that  meeting  at  which 
mining  papers  are  presented  should  be  the  meeting  held  at 
Pittsburgh,  or  one  of  the  sessions  of  the  Mid- Winter  Convention, 
in  the  event  of  the  Mid-Winter  Convention's  being  held  simul- 
taneously with  that  of  the  American  Institute  of  Mining  Engi- 
neers. The  committee  points  out  that  under  no  other  circum- 
stances can  we  be  assured  of  an  audience  sufficiently  interested 
in  mining  subjects  to  warrant  the  committee  in  asking  the  more 
prominent  mining  electrical  engineers  to  present  papers. 

The  principal  work  of  the  committee  has  been  done  in  con- 
nection with  suggested  rules  for  the  use  of  electricity  in  bitu- 
minous coal  mines.  These  rules  were  prepared  by  two  members 
of  the  committee  in  collaboration  with  a  majority  of  the  rest  of 
the  committee  and  other  mining  men  and  electrical  engineers. 
The  rules  were  prepared  under  the  supervision  of  the  United 
States  Bureau  of  Mines,  who  stands  sponsor  for  them.  These 
rules  were  formally  submitted  to  the  Institute  by  the  Mines 
Committee,  with  a  request  that  they  be  approved  and  adopted 
by  the  Institute.  The  rules  were  referred  first  to  a  joint  com- 
mittee of  the  Standards  Committee  and  the  Code  Committee, 
who  found  that  there  was  nothing  in  the  rules  incompatible 
with  the  Institute's  Standardization  rules.  The  Mines  rules 
were  then  referred  to  a  joint  sub-committee  composed  of  members 
of  the  Mines  Committee  and  Standards  Committee,  who  re- 
ported favorably  upon  them  to  a  joint  session  of  the  Standards 
Committee  and  the  Mines  Committee,  and  the  joint  session 
recommended  to  the  Board  of  Directors  that  the  Institute  approve 
these  rules  in  the  interests  of  safety,  good  engineering  practise, 
and  standardization.  The  Board  of  Directors  then  referred  the 
rules  once  more  to  the  Code  Committee,  which  at  the  date  of 
writing  this  report  still  has  the  rules  under  consideration. 
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to  apparatus  used  in  other  industries,  would  naturally  appear  to 
be  within  the  province  of  the  A.  I.  E.  E. 

There  are,  of  course,  many  points  at  which  there  may  be  a 
conflict.  For  instance,  a  paper  dealing  with  the  interconnection 
of  a  number  of  independent  generating  stations  in  steel  mills 
so  as  to  utilize  their  combined  capacity  to  better  advantage, 
would  be  a  natural  subject  for  discussion  before  the  A.  of  I. 
&  S.  E.  E.  On  the  other  hand,  such  a  paper  would  also  be  of 
interest  to  the  A.  I.  E.  E.  as  it  relates  to  a  problem  which  is  an 
every  day  matter  of  power  generation  and  distribution.  There 
are  bound  to  be  a  number  of  such  papers  read  before  both 
societies.  On  the  other  hand,  a  paper  dealing  with  the  design 
of  a  rolling  mill  motor  would  naturally  be  the  subject  for  the- 
A.  I.  E.  E.  as  a  rolling  mill  motor  is  only  a  special  form  of  one 
class  of  electrical  machinery.  However,  the  paper  dealing  with 
method  of  installing  such  a  motor  and  the  peculiar  conditions 
under  which  it  might  operate  would  be  proper  subject  for  the 
A.  of  I.  &  S.  E.  E.,  as  it  would  only  be  of  interest  to  the  members 
of  this  association  and  not  the  membership  of  the  A.  I.  E.  E. 
generally. 

In  this  connection,  it  must  be  borne  in  mind  that  the  majority 
of  full  members  of  the  A.  of  I.  &  S.  E.  E.  are  members  of  the 
A.  I.  E.  E.  and  it  is  also  a  fact  that  practically  every  one  in  the 
A.  I.  E.  E.  interested  in  the  steel  industry  are  members  or  asso- 
ciates of  the  A.  of  I.  &  S.  E.  E. 

This  matter  has  been  gone  into  at  some  length  as  it  would 
appear  advisable  for  the  A.  I.  E.  E.  to  adopt  a  fixed  policy 
regarding  acceptance  of  papers  to  be  read  before  it  on  subjects 
dealing  with  the  iron  and  steel  industry. 

An  important  activity  of  the  A.  I.  E.  E.  is  being  duplicated 
to  some  extent  by  the  A.  of  I.  &  S.  E.  E.,  i.e.  Standardization. 
It  does  not  appear  that  it  is  advisable  for  the  A.  of  I.  &  S.E.E. 
to  attempt  a  standardization  of  apparatus  in  competition  with 
the  A.  I.  E.  E.  but  it  would  appear  desirable  for  the  A.  of  I. 
&  S.  E.  E.  to  adopt  the  standards  of  the  A.  I.  E.  E.  and  to  have 
a  sub-committee  of  the  A.  I.  E.  E.  Standard  Committee  to  take 
care  of  any  special  characteristics  that  may  be  found  necessary 
for  the  successful  operation  of  apparatus  in  the  steel  industry. 
In  this  way  a  useless  duplication  of  the  work  can  be  avoided  and 
also  the  natural  confusion  that  will  arise  regarding  requirements 
if  there  are  several  standards.  The  manufacturing  companies 
are  certain  to  adhere  to  the  A.  I.  E.  E.  standards  and  there 
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would  be  continual  difficulty  regarding  exceptions  to  any  other 
set  of  standards. 

It  would  appear  that  there  is  a  field  of  activity  in  the  steel 
industry  that  should  be  probably  covered  by  the  A.  I.  E.  E., 
but  at  the  same  time  an  effort  should  be  made  to  avoid  the 
presentation  of  papers  which  interest  only  a  small  section  of  the 
Institute  membership  and  which  would  be  more  effective  if 
read  before  an  association  all  of  whose  members  would  be 
interested  in  the  subject.  It  is,  however,  desirable  that  an 
effort  be  made  by  the  A.  of  I.  &  S.  E.  E.  to  avoid  unnecessary 
attempts  at  standardization  if  the  same  result  can  be  obtained 
by  cooperation  with  the  A.  I.  E.  E. 

It  would  seem  desirable  that  a  small  committee  of  the  A.  I. 
E.  E.  should  be  formed  to  confer  with  a  similar  committee  of 
the  A.  of  I.  &  S.  E.  E.  to  arrive  at  an  understanding  regarding 
the  activities  of  each  society  in  connection  with  the  iron  and 
steel  industry.  In  this  way  a  definite  settlement  can  be  ar- 
rived at  and  a  policy  fixed  for  the  future.  The  A.  L  E.  E. 
committee  should  preferably  consist  of  members  not  associated 
with  the  iron  and  steel  industry.  All  members  of  the  A.  I.  E.  E. 
connected  with  this  industry  are  necessarily  more  or  less  asso- 
ciated with  the  A.  of  I.  &  S.  E.  E.  and  it  is  rather  difficult  for 
them  to  differentiate  between  the  claims  of  the  two  societies. 

Wilfred  Sykes,  Chairman. 
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ANNUAL  REPORT  OF  THE  EDUCATIONAL  COMMITTEE 

To  the  Board  of  Directors, 

The  Educational  Committee  submits  the  following  report  for 
the  year  of  1916-17: 

The  Educational  Committee  has  devoted  its  attention  to  the 
subject  of  devising  a  scheme  to  assist  and  encourage  the  younger 
members  of  the  Institute  in  developing  themselves  by  under- 
taking the  study  of  research  and  practical  problems  which  it  is 
hoped  will  be  collected  for  them  by  the  Educational  Committee 
in  the  future  from  the  older  members  of  the  Institute  and  pre- 
sented in  the  form  of  competitions.  In  doing  this  your  com- 
mittee has  been  carrying  forward  and  enlarging  the  policy  of  the 
Educational  Committee  of  the  preceding  years. 

It  is  the  sense  of  your  Committee  that  the  Educational  Com- 
mittee should  endeavor  to  assist  the  younger  members  of  the 
profession  to  improve  their  training  in  engineering  by  carrying 
on  volunteer  graduate  work  of  a  practical  character  under  the 
advice  of  the  older  members  who  are  in  the  active  practise  of  the 
profession. 

There  is  apt  to  be  a  gap  in  the  intellectual  training  of  an  en- 
gineer from  the  time  he  leaves  his  technical  school,  while  he  is 
engaged  in  the  important  but  rudfer  type  of  work  of  the  shop  or 
field,  till  he  has  "found  himself "  and  made  a  sufficient  reputation 
to  be  taken  into  the  office  and  put  upon  the  higher  problems  of 
engineering.  During  the  time  of  this  gap  numerous  young  men 
feel  a  want,  a  longing  to  do  something  which  will  improve  them- 
selves and  give  them  an  opportunity  of  demonstrating  their 
capacity  to  the  older  members  of  the  profession.  At  present  only 
the  exceptional  ones  have  sufficient  originality  and  progressive- 
ness  to  think  out  problems  for  themselves  and  tackle  them. 
The  majority  of  the  good  men  devote  their  spare  hours  to  reading 
and  the  remainder  just  drift  along. 

While  reading  and  study  will  develop  one's  knowledge  it  will 
not  develop  originality,  inventiveness  and  resourcefulness.  Only 
the  application  of  knowledge  to  specific  problems  will  do  that. 

The  young  men  in  this  category  are  particularly  the  younger 
members  of  the  Institute  forming  the  substantial  part  of  the 
membership  of  the  "Branches,"  but  also  the  enrolled  students 
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and  students  in  technical  schools  should  be  considered.  The 
Institute  should  consider  that  these  men  cannot  attend  the 
general  meetings  very  frequently  and  that  the  majority  of  the 
papers  presented  before  these  general  meetings  are  too  specialized 
to  appeal  to  them.  Yet  these  men  are  the  future  backbone  of  the 
Institute  and  the  profession.  It  is  therefore  the  duty  of  the 
Institute  to  hold  their  interest  and  train  them.  This  is  a  matter 
which  should  interest  the  Sections  Committee  also  and  should  aid 
in  strengthening  its  work  and  it  also  can  aid  in  carrying  on  this 
work. 

Thus  your  Committee  urges  a  cooperation  between  the  Sec- 
tions Committee  and  the  Educational  Committee  in  the  work  of 
providing  programs  of  papers  and  study  for  the  younger  members 
through  the  medium  of  the  branches. 

The  committee  has  sketched  out  a  scheme  of  action  which  it 
recommends  should  be  developed  and  followed  up  by  successive 
Educational  Committees  throughout  a  term  of  years. 

The  program  should  begin  with  a  meeting  of  the  Institute  de- 
voted to  this  subject  for  which  papers  would  be  invited  from  a 
few  of  the  older  men  which  should  deal  with  the  subject  of  what 
qualities  and  training  after  graduation  are  most  valuable  in  the 
young  engineering  graduate.  A  few  written  discussions  of  the 
main  papers  should  also  be  invited.  At  the  same  meeting  there 
should  be  presented  some  letters  from  the  younger  members 
stating  their  point  of  view  and  the  obstacles  they  encounter  in 
the  way  of  advancement. 

The  Educational  Committee  should  collect  suggestions  for  re- 
search and  hypothetical  problems  of  a  practical  and  theoretical 
nature  from  older  members  and  present  them  to  the  membership 
through  the  medium  of  the  branches.  Work  on  these  problems 
should  be  organized  in  the  form  of  competitions  similar  to  those 
carried  oft  successfully  for  a  number  of  years  by  the  Engineers 
Society  of  Western  Pennsylvania.  The  committee  acknowledges 
the  helpful  and  valuable  suggestions  imparted  to  it  on  this  sub- 
ject by  Dean  Leete  of  Carnegie  Tech.  School.  To  carry  out  this 
scheme  the  Educational  Committee  should  actively  solicit 
suggestions  from  the  older  members  and  should  send  out  from 
time  to  time  a  list  or  program  and  announce  a  time  at  which  the 
solutions  would  be  considered  and  graded.  The  Educational 
Committee  should  assume  the  responsibility  of  grading  these 
reports  but  should  appoint  judges  from  engineers  outside  of  its 
membership.   Later  the  most  praiseworthy  solutions  should  be 
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published  and  a  meeting  of  each  of  the  branches  set  for  the 
discussion.  If  possible  awards  should  be  made  for  the  best 
solutions  although  it  is  probable  that  the  honor  of  having  the 
paper  published  and  discussed  would  be  a  sufficient  incentive. 

The  Educational  Committee  from  time  to  time  should  invite 
prominent  members  of  the  Institute  to  write  papers  on  funda- 
mentals or  principles  of  the  design  and  operation  of  electrical 
apparatus  or  systems  which  would  make  our  proceedings  of 
more  interest  to  the  younger  members.  As  examples  of  papers 
of  this  character  are  two  by  Mr.  B.  G.  Lamme  on  Commutation, 
1911,  and  on  Iron  Losses  in  D-C.  Machinery,  1916. 

Your  committee  recommends  that  relations  be  established  with 
the  Educational  Committees  of  the  other  three  Founder  Societies 
for  an  exchange  of  views  and  coordination  of  methods  as  we 
understand  that  the  A.  S.  M.  E.  is  endeavoring  to  carry  out 
a  similar  policy  to  strengthen  its  hold  on  the  younger  members 
through  the  cooperation  of  the  Educational  and  Sections  Com- 
mittees. 

In  general  the  plan  outlined  is  intended  to  supply  the  missing 
link  in  the  development  of  the  engineer  between  the  time  of 
graduation  and  the  time  he  really  begins  to  accomplish  something 
and  becomes  an  identity  in  the  engineering  profession. 

W.  I.  Slichter,  Chairman. 
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ANNUAL  REPORT  OF  THE  POWER  STATIONS 
COMMITTEE 

To  the  Board  of  Directors, 

At  the  first  meeting  held  October  13,  1916,  the  scope  and  ac- 
tivity of  the  Committee  were  analyzed  with  a  view  of  avoiding 
the  present  unnecessary  duplication  found  in  the  numerous  com- 
mittees of  the  various  sister  societies.  The  opinion  has  been 
advanced  that  many  of  the  overlapping  committees  would  do 
better  to  limit  their  work  to  the  subjects  peculiarly  proper  to 
their  own  society,  and  omit  the  investigation  of  subjects  falling 
more  nearly  in  the  work  of  other  societies,  utilizing  the  work  of 
sister  society  committees  to  complete  the  field  when  necessary. 

For  instance,  the  design  of  turbines,  stokers,  bearings,  and 
boilers  is  very  properly  the  work  of  the  A.  S.  M.  E.  It  is  a 
waste  of  time  for  the  A.  I.  E.  E.  to  go  through  all  the  work  of 
the  Boiler  Code  again:  Therefore,  the  boiler  code  of  the  A.  S. 
M.  E.  was  offered  to  the  standards  committee  with  the  recom- 
mendation that  it  be  approved,  since,  presumably,  the  Mechan- 
ical Society  should  be  the  highest  authority  on  a  mechanical 
subject.  Action  has  been  deferred  for  the  present.  In  the 
opinion  of  the  committee  the  right  move  has  been  made  on 
subjects  common  to  several  societies  in  the  formation  of  the 
joint  committees  on  the  cost  of  electric  power. 

With  the  above  in  view,  a  resolution  was  passed  (a)  that  the 
function  of  this  Committee  is  to  investigate  and  report  on  the 
engineering  of  power  stations  beginning  at  the  prime  mover  and 
ending  at  the  outgoing  cables;  (b)  that  the  investigation  of 
specific  problems  on  the  remainder  of  the  power  stations,  and 
allied  engineering  affecting  it,  shall  be  formally  referred  to 
appropriate  committees  of  sister  societies  for  action.  This  Com- 
mittee will  utilize  the  resulting  action  of  such  sister  societies  in 
completing  its  own  reports.  This  Committee  believes  in  useful- 
ness of  joint  committees  in  getting  the  full  results  on  a  subject 
covered  to  the  best  advantage  by  each  society  in  its  own 
special  field  as  far  as  is  practicable. 

The  subjects  offered  for  investigation  are  given  below. 

(1)  Safety  First  Work  in  Regard  to  Arrangement  and  Installa- 
tion of  Apparatus:   This  was  referred  to  Mr.  Torchio,  who  has 
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ANNUAL  REPORT  OF  COMMITTEE  ON  ELECTROCHEM- 
ISTRY AND  ELECTROMETALLURGY 

To  the  Board  of  Directors, 

The  Committee  on  Electrochemistry  and  Electrometallurgy 
submits  the  following  report  for  the  year  1916-1917: 

In  the  absence  of  Capt.  T.  H.  Schoepf  on  military  service  the 
following  brief  memorandum  on  the  work  of  the  Electrochemistry 
and  Electrometallurgy  Committee,  has  been  compiled  from  the 
files  of  the  chairman,  with  the  hope  of  giving  the  new  committee 
and  chairman  the  benefit  of  the  suggestions  and  opinions  of  the 
retiring  committee. 

No  sessions  on  electrochemical  subjects  were  held  during  the 
year  as  none  of  the  papers  reviewed  by  the  committee,  were 
suitable  for  presentation  except  at  joint  meetings  with  the 
American  Electrochemical  Society,  and  such  joint  meetings 
could  not  be  arranged  because  of  conflicting  dates. 

It  was  Chairman  Schoepf  fs  plan  to  work  up  some  good  papers 
for  the  coming  year  and  he  made  an  endeavor  to  find  out  from 
the  most  prominent  engineers  in  the  electrochemical  industries, 
what  subjects  should  be  considered  by  the  committee  and  pre- 
sented before  the  Institute  or  before  a  joint  meeting  with  the 
American  Electrochemical  Society.  The  replies  to  the  first 
request  by  the  chairman  and  the  subsequent  opinions  of  the 
members  of  the  committee,  on  suggested  subjects,  seemed  to 
indicate  a  wide  difference  of  opinion  regarding  the  advisability 
of  presenting  some  of  the  proposed  papers. 

The  most  popular  suggestions  were  electric  furnaces  and  the 
fixation  of  nitrogen,  however  some  of  the  electrochemical  special- 
ists feel  that  papers  on  these  subjects,  which  have  been  treated 
repeatedly  by  other  societies,  would  result  in  duplication,  unless 
some  hitherto  untouched  phase  of  the  subject  is  to  be  dealt 
with. 

Other  subjects  which  have  been  suggested  and  discussed  by  the 
committee  are:  electrical  porcelain,  electric  cells  and  batteries, 
electrolytic  copper,  conductors  of  copper  vs.  iron  vs.  aluminum, 
coal  vs.  water  power  for  electrochemical  industries. 

The  last  subject,  seems  from  the  correspondence,  to  be  worthy 
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of  careful  study  and  of  great  interest  to  both  the  steel  and  elec- 
trochemical industries,  in  view  of  the  recent  developments  in 
large  steam  power  units  and  the  water  power  restrictions  im- 
posed by  the  Government. 

It  is  the  suggestion  of  the  retiring  chairman  and  some  of  the 
members  of  the  committee  that  this  timely  subject  bp  taken  up 
by  the  new  committee  and  presented  before  a  joint  meeting  with 
the  American  Electrochemical  Society. 

Another  suggestion  which  met  with  approval  was  to  have  Mr. 
Liljenroth  present  a  comprehensive  paper  on  nitrogen  fixation 
including  the  Norwegian  practise,  if  the  proper  approvals  can  be 
obtained  and  there  is  no  military  objection  to  discussing  the 
processes  in  the  coming  year. 

L.  W.  Chubb,  Secretary  Meetings  and  Papers  Committee. 


Presented  at  the  332nd  meeting  of  the  American  In- 
stitute of  Electrical  Engineers,  New  York,  June  28, 
1 01 7. 


Copyright  1917.    By  A.  I.  E.  E. 


FORMS  OF  ELECTRIC  POWER  BEST  SUITED  FOR  THE 
VARIOUS  LOADS  ENCOUNTERED  IN  THE  OPERATION 
OF  BITUMINOUS  COAL  MINES 


The  best  form  of  power  to  be  used  in  coal  mines  for  drilling, 
cutting,  hauling,  pumping,  lighting  and  ventilation,  Syn- 
chronous converters  versus  motor-generator  sets.  Location  of 
generating  plant  and  substations. 


HIS  paper  is  intended  to  deal  entirely  with  the  practical 


*  application  of  electric  power  to  bituminous  coal  mining. 
There  are  two  general  forms  of  electric  power  available;  al- 
ternating current  and  direct  current.  With  alternating  current 
we  have  two  standard  frequencies;  i.e.  25  and  60  cycles,  and 
with  both  alternating  and  direct  current  we  have  many  standard 
voltages. 

In  the  question  of  frequency  the  writer  is  much  in  favor  of 
60  cycles.  This  has  become  more  and  more  the  standard  fre- 
quency for  central  stations.  There  used  to  be  some  advantages 
of  25  cycles  for  rotary-converter  work,  but  this  has  been  cut 
down  until  today  the  60-cycle  machine  is  considered  the  equal 
of  the  25.  This  choice  of  60  cycles  can  be  further  justified  by 
noting  that  in  selecting  motors  for  various  mine  services  to 
operate  between  the  speed  limits  of  300  and  3600  rev.  per  min. 
we  have  the  choice  of  12  speeds  in  the  case  of  60  cycles  and  only 
5  in  the  case  of  25  cycles. 

Different  voltages  are  more  easily  obtained  with  alternating 
current  than  with  direct  current  due  to  transformers.  The 
rated  voltage  on  a-c.  machines  may  be  misleading  from  a  safety 
standpoint.  This  rated  voltage  is  the  effective  voltage;  whereas 
the  peak,  or  maximum  instantaneous  voltage,  is  equal  to  almost 
one  and  one  half  times  the  average  value.  Thus  a  person 
coming  in  contact  with  an  a-c.  300-volt  line  could  receive  423 
volts  while  with  a  d-c.  line  he  could  receive  only  300  volts. 

The  question  of  transmission  is  one  of  the  most  important  in 
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connection  with  coal  mining.  If  complete  copper  circuits  are 
used,  3-phase  3-wire  alternating  current  with  unity  power  factor 
requires  only  three-fourths  the  copper  that  direct  current  of  the 
same  voltage  does.  In  actual  practise,  however,  in  bituminous 
coal  mining  work  under  ground,  the  nature  of  the  load  is  such 
that  more  copper  is  required  for -a,  3-phase  a-c.  circuit  than  for 
a  d-c.  circuit  of  the  same  voltage.  This  is  largely  due  to  the 
lagging  power  factor  caused  by  induction  motor  load.  It  is 
common  practise  in  d-c.  transmission  underground,  to  use  the 
rail  for  the  return  circuit.  In  the  case  of  3-phase  alternating 
current  the  rail  may  be  used  in  place  of  one  of  the  wires.  In 
this  case  the  total  feeder  wire  for  alternating  current  unity  power 
factor  and  direct  current  would  be  exactly  the  same  for  the  same 
voltage  drop.  Actual  conditions,  however,  in  this  case  require 
even  a  larger  excess  of  copper  for  the  alternating  current  than 
where  complete  copper  circuits  are  used. 

What  is  known  as  low  voltage  is  steadily  increasing  in  favor 
for  portable  machines  used  under  ground.  This  includes  a 
maximum  voltage  of  300,  with  a  10  per  cent  divergency  factor  al- 
lowed. In  other  words  the  actual  maximum  voltage  at  any 
point  on  the  lines  cannot  be  in  excess  of  330  volts  to  come  within 
what  is  termed  low  voltage.  For  stationary  machines,  medium 
or  even  high  voltages  can  be  used  to  advantage,  and  safely,  if 
proper  protection  is  afforded. 

To  summarize,  the  writer  favors  the  use  of  direct  current  or 
3-phase  60-cycle  a-c.  power  at  330  volts  or  less  for  all  portable 
machines  under  ground  and  considers  that  stationary  machines 
should  be  treated  individually. 

When  considering  the  separate  classes  of  motor-driven  ma- 
chines it  is  well  to  keep  in  mind  some  of  the  principal  charac- 
teristics of  the  most  commonly  used  motors;  i.e.  the  d-c.  shunt 
and  compound  motors  and  the  a-c.  squirrel-cage  induction  motor. 
For  our  purposes  these  are  all  used  as  constant-speed  motors. 
In  the  d-c.  motors  the  speed  varies  almost  directly  with  the 
voltage  while  with  the  a-c.  the  speed  is  practically  independent 
of  the  voltage  and  depends  on  the  frequency.  The  torque  of 
the  d-c.  motors  varies  almost  directly  with  the  voltage,  but  in 
the  a-c.  induction  motor  the  torque  varies  with  the  square 
of  the  voltage:  ■  As  *  an  example  if  we  had  one-half  rated 
voltage  on  a  d-c.  shunt  motor  we  would  have  one-half  torque, 
while  with  one-half  voltage  on  a  squirrel-cage  induction  motor 
we  would  only  have  one-fourth  the  torque.    This  is  a  good 
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point  to  keep  in  mind  when  considering  a-c.  motors  for  portable 
machines  under  ground. 

For  under  ground  distribution  only  two  classes  of  copper 
conductors  have  been  found  practical — bare,  and  lead-covered 
steel-armored.  Other  forms  of  insulation  can  not  be  depended 
upon  for  any  length  of  time,  and  are  therefore  not  as  safe  as  no 
insulation. 

In  order  to  cover  all  classes  of  load  each  will  be  taken  up  in 
turn.  First  we  will  consider  the  under  ground  loads,  and  then 
the  surface  loads. 

The  machine  most  used  for  cutting  coal  today  is  that  known 
as  the  chain  machine.  The  squirrel-cage  induction  motor  is 
ideal  for  driving  this  machine,  provided  the  proper  voltage  can 
be  supplied  to  it.  Shunt  or  compound-wound  d-c.  motors  are 
more  frequently  used  for  reasons  which  will  appear  later. 

Drilling  machines  used  for  making  the  shot  holes  are  made  in 
various  types,  some  of  them  being  driven  by -the  same  motors 
that  run  the  cutting  machines,  and  some  by  separate  motors.  A 
constant-speed  motor  is  required,  and  high  starting  torque  is  not 
necessary. 

Several  types  of  coal  loading  machines  have  been  developed, 
but  none  of  them  have  come  into  general  use  as  yet.  Motors 
for  these  require  the  same  characteristics  as  for  coal  cutting 
machines. 

Combination  coal  cutting  and  loading  machines  are  being  ex- 
perimented with,  but  they  do  not  appear  to  be  even  as  far  ad- 
vanced as  the  loading  machines.  Constant-speed  high  starting 
torque  motors  are  also  required  for  their  operation. 

One  of  the  main  factors  in  determining  the  form  of  electric 
power  to  use  under  ground  in  large  mines  is  haulage.  No 
practical  means  has  been  developed  for  heavy  haulage  by  the 
use  of  alternating  current  and  we  are  therefore  limited  to  direct 
current.  Haulage  may  be  divided  into  three  classes;  trolley 
locomotive,  storage-battery  locomotive,  and  stationary  hoist. 
For  trolley  locomotives  d-c.  series  motors  have  proven  by  far 
the  most  practical.  For  battery  locomotives  the  same  is,  of 
course,  true.  For  stationary  hoists  much  depends  on  the  amount 
of  load,  the  distance  from  power  source  by  way  of  the  mine 
workings,  and  the  distance  from  the  surface.  More  will  be  said 
of  this  later. 

Pumps  used  in  mines  can  be  placed  in  two  classes — those  used 
for  gathering  the  water  to  one  or  more  central  points,  and  those 
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used  to  remove  it  from  these  central  points  to  the  surface.  For 
the  smaller  pumps,  or  those  coming  under  the  first  class,  it  is 
obvious  that  the  same  form  of  power  should  be  used  as  is  used 
for  cutting,  drilling  and  loading.  The  larger  pumps  will  be 
treated  with  stationary  hoists. 

Lighting  under  ground  can  be  most  easily  accomplished  by 
the  power  that  is  used  for  other  purposes  where  the  lights  are 
required.  That  is,  it  is  not  worth  the  extra  installation  and 
maintenance  expense  to  string  separate  lighting  lines  through 
a  mine.  In  the  case  of  shaft  mines  or  slope  mines  it  is  some 
times  advisable  to  install  separate  circuits  for  the  lighting  where 
trips  of  coal  are  landed,  and  where  the  empty  trips  are  made  up. 
Tungsten  lamps  are  the  most  economical  lamp  available  for  the 
size  units  required  under  ground.  It  has  been  the  writer's  ex- 
perience, however,  that  these  lamps  do  not  give  satisfactory 
services  on  voltages  above  125  in  sizes  smaller  than  200  watts. 
For  use  on  250  or  300- volt  service  I  have  found  the  carbon  fila- 
ment lamp  to  give  the  best  results. 

For  concentrated  loads  of  100  horse  power  or  over  such  as 
hoists,  pumps,  and  underground  substations  I  have  found  sepa- 
rate lead-covered  steel-armored  cables  leading  direct  from  the 
surface  through  special  bore  holes  very  satisfactory  for  supply- 
ing alternating  current  at  voltages  up  to  11,000  star.  Such 
cables  are  practically  indestructable.  For  centrifugal  or  plunger 
pump  installations  constant-speed  induction  motors  of  the  bore 
hole  cable  voltages  can  be  used  with  perfect  safety  as  there  are 
no  exposed  contacts.  Hoists  can  be  treated  in  the  same  way  and 
where  necessary  current-limiting  devices  can  be  applied  so  as  to 
cut  down  the  peak  load.  For  under  ground  substations  it  is 
generally  advisable  to  transform  down  to  the  required  voltage 
in  the  substation  room,  in  case  synchronous  converters  are  used. 
For  motor-generator  sets  this  is  of  course  unnecessary. 

The  question  of  the  relative  merits  of  synchronous  converters 
versus  motor-generator  sets,  while  not  closely  related  to  the 
question  of  selecting  the  best  form  of  power,  is  of  considerable 
importance  to  mine  operators.  The  principal  advantages  attrib- 
uted to  the  motor-generator  set  are  higher  power  factor  and 
closer  voltage  regulation.  The  advantages  of  the  synchronous 
converters  are  lower  first  cost,  small  space  occupied,  and  higher 
efficiency.  The  writer  favors  the  synchronous  converter  be- 
cause he  has  found  that  its  advantages  outweigh  those  of  the 
motor-generator  set  in  practise.   I  have  operated  a  central  plant 
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having  a  mine  load  only,  consisting  of  twenty  five  mines,  where 
synchronous  converters  were  used  for  supplying  all  d-c.  power, 
and  induction  motors  for  fans,  pumps,  etc. ;  and  where  the  power 
factor  was  ninety  eight  per  cent  lagging  on  peak  loads,  and 
never  went  below  ninety  per  cent.  I  have  found  that  the  latest 
design  of  synchronous  converters  will  carry  momentary  over- 
loads of  two  hundred  per  cent  and  that  motor-generator  sets 
are  not  good  for  over  one  hundred  per  cent  overload.  The  d-c. 
voltage  at  the  substations  was  practically  constant.  When 
installing  a  substation  inside  a  mine  the  smaller  space  necessary 
for  the  synchronous  converter  will  be  found  to  be  of  great  ad- 
vantage. It  is  easier  to  prevent  squeezes  from  above  and  below 
with  a  small  room  than  with  a  large  one. 

In  locating  a  pumping  station  the  possible  location  of  a  sub- 
station adjacent  to  it  should  not  be  lost  sight  of.  This  often 
means  materially  better  voltage  conditions  for  cutting  and  haul- 
ing coal  without  increased  labor  cost.  The  same  man  can 
operate  the  substation  and  the  pump  station. 

In  a  great  many  bituminous  coal  mines  ventilation  is  of  first 
importance.  For  this  reason  we  should  have  the  most  reliable 
ventilating  equipment.  As  the  squirrel-cage  induction  motor  is 
the  most  rugged,  as  well  as  the  simplest  form  of  electric  motor 
made,  it  lends  itself  especially  well  to  this  class  of  work.  Through 
experience  I  have  found  that  this  type  of  motor  gives  entire 
satisfaction.  In  cases  where  it  is  advisable  to  reduce  the  volume 
of  air  delivered  to  a  mine  for  certain  periods,  in  order  to  save 
power  or  for  some  other  reason,  a  two-speed  motor  of  the  same 
type  can  be  used  to  advantage.  Changing  the  speed  of  the  fan 
from  time  to  time  as  mine  workings  progress  can  be  accomplished 
by  changing  the  pulley  sizes  for  a  belted  fan  or  the  sprocket 
sizes  for  a  chain  driven,  or  geared  fan.  My  own  opinion  favors 
belt  drives  as  these  relieve  the  motor  from  the  cut  off  blows  of 
the  fan.  In  case  a-c.  power  is  not  available  for  fan  drives  shunt 
motors  should  be  used,  but  commutators  prevent  their  giving 
the  same  reliable  service  as  the  induction  motor. 

In  the  preparation  of  coal  one  of  the  principal  difficulties  that 
motors  encounter  is  fine  dust,  and  plenty  of  it.  The  totally 
enclosed  squirrel-cage,  or  where  service  requires  it,  the  wound- 
rotor  induction  motor  meets  this  condition  most  successfully. 
In  either  case,  it  is  preferable  to  have  a  totally  enclosed  motor. 
Totally  enclosed  compound-wound  motors  should  be  used  if 
alternating  current  is  not  available. 
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Shop  drives  and  lighting  can  be  classed  together  because  both 
of  these  should  depend  on  the  primary  source  of  power.  They 
should  not  depend  on  the  operation  of  any  more  machinery  than 
is  absolutely  necessary.  Lights  will  be  required  when  every- 
thing else  about  a  mining  plant  is  closed  down,  and  shop  opera- 
tions will  also  be  required  when  all  other  equipment  is  at  a  stand 
still. 

In  conclusion  I  would  say  that  for  large  mines  the  most 
practical  power  for  the  main  supply  would  be  three-phase  sixty 
cycles  at  a  voltage  high  enough  to  reach  all  necessary  points 
with  a  loss  of  not  over  ten  per  cent  of  the  power  delivered.  This 
allows  the  use  of  a-c.  motors  and  lights  on  the  surface  and  also 
wherever  they  can  be  used  to  advantage  under  ground.  Syn- 
chronous converters  delivering  300  volts  direct  current  can  be 
installed  on  the  surface  and  under  ground,  as  best  suits  the  con- 
ditions; and  by  their  use  the  amount  of  copper  required  inside 
a  mine  can  be  kept  at  a  minimum. 

If  d-c.  power  is  generated  it  is  not  economical  and  often  not 
practical  to  install  several  small  generating  stations.  The  ob- 
taining of  fuel  and  water  often  present  difficulties.  Therefore 
the  d-c.  power  plant  is  generally  located  near  the  tipple.  This 
means  that  power  can  be  fed  only  one  way  to  the  mine.  With 
substations  located  so  as  to  feed  power  to  the  load  in  two  di- 
rections, only  about  one  fourth  the  copper  is  necessary  for  the 
same  length  of  line  and  the  same  voltage  drop. 

For  small  mines  where  locomotive  haulage  can  not  be  used 
to  advantage,  alternating  current  may  be  used  to  advantage  for 
mining  machines  and  pumps.  This  is  especially  true  if  alternat- 
ing current  is  available  from  a  central  station. 
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A  NEW  ELECTRIC  MINE  HOIST  AT  BUTTE,  MONTANA 


BY  R.  S.  SAGE 


Abstract  of  Paper 

A  description  of  equipment  in  connection  with  a  recent 
Ilgner-Ward  Leonard  hoist-installation  at  the  Elm  Orlu  Min- 
ing Company,  Butte,  Montana.  This  installation  is  one  of  the 
two  largest  of  this  type  in  operation  in  this  country. 

Complete  data  on  two  sets  of  tests;  the  first  conducted  to 
analyze  a  typical  day's  run  and  the  second  to  determine  efficiency 
while  hoisting  under  known  conditions. 


General 

DURING  the  past  year  and  a  half,  a  period  to  be  remembered 
for  its  tremendous  industrial  activity,  extraordinary  prog- 
ress was  made  in  the  field  of  mine  electrification;  and  in  par- 
ticular in  the  electrification  of  mine  hoists  of  more  than  average 
capacity  and  importance,  and  for  whose  operation  the  highest 
"type  of  electrical  system  was  demanded.  This  progress  extended 
to  both  the  coal  mining  and  the  metal. mining  fields. 

Illustrative  of  the  extent  of  this  progress,  it  may  be  said  that 
the  number  of  Ward  Leonard  and  Ilgner-Ward  Leonard  hoist 
equipments  which  will  have  been  put  into  operation  in  this 
country  during  the  two  years  of  1916  and  1917  will  equal  the 
total  number  operating  prior  to  1916,  and  the  aggregate  horse- 
power capacity  will  be  50  per  cent  greater. 

A  recent  Ilgner-Ward  Leonard  hoist  installation  of  considerable 
interest  is  that  at  the  mine  of  the  Elm  Orlu  Mining  Company 
at  Butte,  Montana.  This  equipment  has  been  in  regular  pro- 
ductive operation  since  the  first  week  of  last  February  having 
been  put  into  commission  to  replace  an  old  steam  hoist  at  that 
time.  This  type  of  hoist  but  recently  made  its  appearance  in 
the  Butte  district,  and  the  present  installations  are  but  fore- 
runners of  many  electrifications  which  will  undoubtedly  be  made 
in  the  near  future. 

This  equipment  is  of  interest,  first,  because  of  its  capacity, 
it  being  one  of  the  two  largest  of  this  type  in  operation  in  this 
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country,  and,  second,  because  of  its  unusual  smoothness  of 
operation,  simplicity  and  ease  of  control,  it  being  so  noted  through- 
out the  Butte  camp. 

A  series  of  tests  under  operating  conditions  were  carried  out, 
the  results  of  which,  together  with  a  description  of  the  equir> 
ment  are  given  herein. 

The  hoisting  equipment  is  installed  in  a  very  substantial  brick 
building  of  one  room,  the  motor-generator  set  with  flywheel,  the 
slip  regulator  and  the  switchboard  occupying  all  of  one  end. 
Views  of  the  hoist  and  motor  and  the  power  set  are  given  in 
Figs.  1  and  2.  The  building  is  exceptionally  well  lighted,  both 
by  day  and  by  night,  and  there  is  a  particular  absence  of  crowd- 
ing arid  congestion.  Two  20-ton*  hand-operated  traveling  cranes 
provide  adequate  capacity  for  the  handling  of  the  heaviest  parts. 

Duty 

As  is  well  known,  for  the  driving  of  large  high-speed  shaft 
hoists,  considerations  of  accuracy  of  control  and  safety  of  oper- 
ation necessitate  the  use  of  equipments  operating  on  the  Ward- 
Leonard  system.  This  system  combined  with  a  flywheel  for 
load  equalization,  commonly  known  as  the  Ilgner-Ward- Leonard 
system,  is  necessary  wherever  the  conditions  of  power  supply 
require  it.  In  this  instance,  as  for  the  majority  of  equipments 
of  this  character,  flywheel  equalization  was  imperative,  as  the 
reservation  charge  is  based  on  the  maximum  instantaneous 
demand.  For  this  reason,  flywheel  capacity  was  supplied  suf- 
ficient to  completely  equalize  the  maximum  duty  cycle  met  in 
balanced  hoisting  from  the  deepest  level. 

The  shaft  has  been  sunk  to  a  depth  of  1800  ft.  (548.6  m  ) 
and  ore  is  being  hoisted  regularly  from  the  1100,  1200,  1300* 
1400,  1500  and  1800-ft.  (335.2  m.  to  548.6  m.)  levels/  Ulti- 
mately, the  ore  will  be  taken  from  a  seam  3500  ft.  (1066.8  m.) 
below  the  surface. 

The  general  characteristics  of  the  hoist  are  as  follows: 


Inclination  of  shaft  with  horizontal   90  cleg. 

Present  maximum  lift   1800  ft. 

Ultimate       *        "     3500  ft. 

Weight  of  skip  and  man  cage     11,000  lb.  (4989  kg.) 

Weight  of  ore  per  trip   10,000  lb.  (4535  kg  ) 

Weight  of  one  rope  (3500  ft.)   12,500  lb.  (5669  kg!) 

Maximum  speed  of  skip  during  hoisting.. . .  2,500  ft.  per  min. 

Diameter  of  cable   1.5  in.  (38 A  mm } 

Weight  of  cable,  per  foot   3.55  lb.  (1.58  kg.) 

*  One  short  ton  =  0.9  metric  ton. 


PLATE  XXXI. 
A  I.  E  E. 
VOL    XXXVI,  1917 


Fig.  2 — View  of  Flywheel  Motor-Generator  Set  [sage] 
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Drums — cylindrical — double-clutched. 

Diameter  of  drums   10  ft.  (3  m.) 

WR*  of  drums   3,600,000  lbs.  ft.« 

Maximum  hourly  tonnage  (2000  lbs.)  3500, 

ft.  level   155 

Assumed  mechanical  efficiency   85  per  cent. 


SECONDS 

Fig.  3 — Calculated  Hoist  Duty  Cycles 

The  calculated  cycles  of  duty  for  the  various  levels,  upon 
which  the  capacity  of  the  electrical  equipment  was  based,  are 
shown  in  Fig.  3.  It  is  practically  impossible  to  exactly  predict 
the  actual  operating  schedule  in  this  class  of  service,  but  to 
insure  continuity  of  service,  the  most  important  consideration 
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m  installations  of  this  kind,  the  first  requisite  is  that  the  driiiug 
machinery  have  a  safe  margin  of  capacity.  A  heating  guaran- 
tee of  40  de^.  cent,  rise  for  all  parts  of  the  electrical  equipment 
was  therefore  made,  for  continuous  operation,  when  hoisting 
the  specified  hourly  tonnage  from  any  level.  The  efficiency 
curves  for  the  various  machines  are  given  in  Fig.  4. 

The  estimated  limits  of  demand  from  the  power  supply  for 
the  various  levels  were  as  follows : 


1500  ft.  level   650  kw. 

2400  *     *    700  kw. 

3500  *     *    865  kw. 
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The  estimated  overall  efficiencies  corresponding  to  the  maxi- 
mum hourly  tonnages  are  as  f:ll':ws: — 

1500  ft.  level — overall  efficiency   46.2  per  cent 

24* JO  *     *  —    *  *    4S.3  per  cent 

3500  *     *  —    *  *    47  7  per  cent 

The  hoist  is  also  used  for  practically  all  of  the  hoisting  of  an 
tmzroductive  character,  such  as  handling  waste,  men,  timbers 
and  suT~"ies,  and  the  h:isting  o:  ore  is  done  simul : aneousiy 
wi:h  this  sort  of  work 

The  overall  efficiency  a:  which  the  ore  is  hoisted,  that  is,  the 
ratio  of  the  net  ^ork  d:ne  in  lifting  a  day's  output  of  ore,  to 
the  im  ywan  h.urs  of  electric  energy  used  per  day.  is  therefore 
rnnch  less  the  figures  given  above.    The  mine  is  stiH  in 

the  development  stage  so  that  the  reproductive  work  is  a  large 
proportion  of  the  tctal  required  of  the  hoist. 

At  the  present  time  the  slip  regulator  is  adjusted  so  as  to 
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limit  the  demand  to  400  kw.,  as  this  is  sufficient  for  the  present 
depths,  and  the  present  manner  of  hoisting. 

Description 

The  hoist  consists  of  two  steel-plate  drums  10  ft.,  in  diameter, 
grooved  to  hold  1900  ft.  (579.1  m.)  of  1.5-in.  (38.1  mm.)  steel 
cable  per  layer.  The  drums  are  mounted  between  three  bear- 
ings, on  a  single  shaft  which  has  an  extreme  length  of  40  ft. 
(12.1  m.).  Each  drum  is  provided  with  an  axial-plate-type 
clutch"  and  a  parallel-motion  post  brake.    The  diameter  of  the 
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Fig.  4 — Efficiency  Curves 


brake  tread  is  14  ft.  (4.3  m.).  The  post  brakes  are  made  of 
structural  shapes  and  steel  plate  to  form  a  box  girder.  The 

s  brakes  are  released  and  the  clutches  operated  by  means  of  oil 
through  cylinders  with  floating-level  control,  served  by  an  oil 

.  accumulator  in  connection  with  a  motor-driven  triplex  oil  pump. 
A  two-horse-power  motor  supplies  all  the  power  required  for  the 
brake  and  clutch  engines.  The  weights  by  which  the  brakes 
are  set  are  in  the  form  of  cylinders  moving  vertically  in  guides 
formed  by  part  of  the  brake  engine.  In  addition  to  the  regu- 
lation dial-type  depth  indicators,  the  drum  flanges  are  extended 
to  provide  a  surface  for  spotting  marks. 
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The  bearings  are  all  of  the  two-part~type  provided  with  gravity 
feed  lubrication,  in  addition  to  oil  rings.  Sight-feed  oil  guages 
are  provided  for  all  the  bearings. 

To  the  drum  shaft  is  coupled  an  1800-h.p.,  80-rev.  per  min.f 
525-volt,  d-c.  motor,  front  and  side  elevations  of  which  are  shown 
in  Fig.  5.  The  motor  is  supplied  with  two  bearings,  and  sole 
plates;  the  armature  shaft  is  14  in.  (36  cm.)  in  diameter  in  bearing 
by  11  ft.  5  in.  (3.4  m.)  long,  and  has  a  forged  half-coupling  for 
connection  to  a  corresponding  half-coupling  on  the  drum  shaft. 
The  armature  is  9.5  ft  (2.8  m.)  in  diameter,  while  the  outside 
diameter  of  the  magnet  frame  is  14  ft.  5  in.  (4.3  m.).  The  motor 
has  16  main  field  poles,  the  coils  being  wound  for  125-volt  ex- 
citation, and  has  commutating  poles  to  insure  good  commutation 


41  far- 


Fig.  5 — Outline  of  Hoist  Motor 


at  the  heavy  overloads  encountered  in  the  service.  The  bearings 
in  addition  to  being  ring  oiled,  receive  lubrication  from  the 
gravity  feed  oiling  system.  The  extreme  length  of  the  hoist, 
with  motor,  is  51  ft.  9  in.  (15.7  m.) 

The  motor  receives  its  power  through  a  set,  consisting  of  a 
generator  driven  by  an  induction  motor,  and  a  direct-coupled 
flywheel  and  exciter,  shown  in  outline  in  Fig.  6. 

The  generator  has  a  continuous  capacity  of  1300  kw.,  at  525 
volts,  and  in  order  to  successfully  commutate  the  heavy  currents 
at  the  low  voltages,  it  is  equipped  with  commutating  poles,  and, 
in  addition,  a  compensating  winding  is  placed  in  the  pole  faces 
of  each  of  the  12  main  poles.  As  in  the  case  of  the  hoist  motor, 
the  main-field  excitation  is  at  125  volts. 
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The  induction  motor  is  rated  "1150  h.p.,  3  phase,  60  cycles, 
2200  volts,  and  has  a  synchronous  speed  of  514  rev.  per  min. 
It  is  of  the  wound-rotor  type,  with  collectors  for  connection  to 
the  automatic  slip  regulator. 

The  flywheel  is  built  up  of  thick  rolled  steel  plates,  11  ft.  10 
in.  (3.6  m.)  in  diameter,  so  that  the  peripheral  speed  at  syn- 
chronism is  19,100  feet  (5.8  km.)  per  minute.    The  width  of 


Fig.  6 — Outline  of  Motor-Generator  Set 


face  is  20.5  in.  (52  cm.)  making  the  total  weight  92,000  lbs.(41,730 
kg.),  exclusive  of  shaft.  The  plates  are  securely  riveted  together 
by  steel  rivets.  The  wheel  is  mounted  between  two  bearings, 
and  coupled  to  the  generator  by  a  Francke-type  flexible  coupling. 
A  special  grade  of  hard  babbitt  is  used  in  the  supporting  bear- 
ings. Lubrication  is  afforded  both  by  means  of  a  low-pressure 
oil  pump  geared  to  the  shaft  supplemented  by  ring  oiling.  The 
geared  pump  begins  to  supply  the  bearings  with  oil  practically 
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as  soon  as  the  wheel  turns  over.  The  oil  reservoir  is  sunk  below 
the  floor  line  at  the  end  of  the  flywheel  bearing,  and  contains 
coils  for  the  circulation  of  cooling  water. 

In  order  to  reduce  the  demand  on  the  power  system,  when 
starting  the  set,  a  small  motor-driven,  high-pressure  oil  pump  is 
provided  to  supply  oil  pressure  under  the  bearings,  this  pump 
being  put  into  operation  only  when  required  for  this  purpose. 
With  this  starting  pump  in  operation,  the  set  and  wheel  started 
from  rest  with  80  per  cent  of  full-load  current  from  the  power 
system. 

A  close  fitting  steel-plate  cover  is  provided  for  the  wheel 
above  the  floor  line,  the  pit  in  the  foundation  virtually  forming 
the  lower  portion  of  the  enclosing  casing. 

The  exciter  armature  is  mounted  on  an  extension  of  the.  in- 
duction motor  shaft,  the  field  frame  being  bolted  to  an  extension 
of  the  base.  The  exciter  has  a  continuous  rating  of  21  kw.,  at 
125  volts. 

A  cast-iron  base  is  provided  under  the  induction  motor  and 
generator  and  sole  plates  under  the  flywheel  bearings.  The 
foundation  under  the  various  units  is  of  re-inforced  concrete 
extending  down  to  the  bed  rock,  insuring  stability  of  alignment. 

Control 

The  hoist-motor  speed  and  direction  of  rotation  are  controlled 
by  varying  the  strength  and  reversing  the  polarity  of  the  gener- 
ator field.  The  field  rheostat  is  provided  with  a  large  number 
of  points  giving  a  corresponding  large  number  of  speeds  in  both 
directions.  Between  the  motor  and  generator  there  is  inserted 
an  overload  circuit  breaker  and  a  single-pole  line  switch. 

In  the  design  and  installation  of  the  entire  equipment,  care- 
ful consideration  was  given  to  the  matter  of  safety  of  operation, 
with  the  result  that  the  effects  due  to  carelessness  on  the  part 
of  the  operators  are  obviated  and  protection  to  the  men  and 
apparatus  is  provided  in  almost  every  emergency. 

The  arrangement  of  the  control  levers  is  extremely  simple, 
there  being  but  one  power  lever,  a  forward  movement  corres- 
ponding to  one  direction  of  rotation  and  a  backward  movement, 
the  reverse.  This  lever  with  the  two  brake  levers,  one  on  either 
side,  completes  the  lever  group.  The  clutches  are  operated  by 
a  throw,  either  in  or  out,  of  a  crank  through  an  arc  of  180  deg. 

A  center-zero  d-c.  ammeter  and  voltmeter  are  mounted  in  the 
line  of  vision  with  the  depth  indicators. 
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A  Welch  safety  device  compels  slowing  down  at  the  proper 
rate  and  provides  protection  against  overwinding  and  overspeed- 
ing.  As  an  additional  protection,  limit  switches  actuated  by 
the  skips  themselves  are  installed  in  the  guides.  These  switches, 
as  well  as  the  Welch  device;  cause  the  d-c.  circuit  breaker  to 
open,  in  addition  to  setting  the  hoist  brakes.  In  general,  any 
emergency  which  will  cause  the  d-c.  circuit  breaker  to  open  will 
cause  the  brakes  to  be  applied.  The  d-c.  circuit  breaker  will 
open  under  any  of  the  following  emergencies: 

(a)  Extreme  d-c.  overload 

(b)  Overwind  top  or  bottom 

(c)  Loss  of  exciter  voltage 

(d)  Loss  of  motor-field  excitation 

(e)  Overspeed  of  hoist 

(f)  Overspeed  of  motor-generator  set. 

The  opening  of  the  main  line  a-c.  oil  circuit  breaker  will  not 
open  the  d-c.  circuit  breaker,  nor  set  the  hoist  brakes,  but  the 
operator  is  free  to  continue  hoisting  as  long  as  the  stored  energy 
in  the  flywheel  will  permit.  The  opening  of  the  line  switch  is 
indicated  in  the  usual  manner  by  the  ringing  of  a  bell.  When  the 
d-c.  circuit  breaker  has  been  opened  under  any  of  the  above  men- 
tioned emergencies,  and  an  application  of  the  brakes  made,  the 
brakes  cannot  be  released  until  the  controller  lever  has  first 
been  returned  to  the  central  position. 

After  an  overwind  has  occurred,  it  is  necessary  for  the  hoist 
operator  to  throw  a  small  switch  before  power  can  again  be 
applied  to  the  motor  and  motion  is  possible  only  in  the  lowering 
direction. 

The  total  energy  in  the  flywheel  at  94  per  cent  synchronous 
speed  is  117,000  h.p-sec.  of  which  approximately  50  per  cent 
is  available  for  operating  the  hoist  in  the  event  the  set  was 
disconnected  from  the  power  supply,  the  limitation  being  the 
speed  at  which  the  d-c.  exciter  is  no  longer  able  to  hold  up  its 
voltage.  If  required,  a  complete  trip  with  a  fully  loaded  skip 
could  be  made  from  a  depth  of  1500  ft.  (457.2  m.)  on  the  energy 
of  the  flywheel,  and  a  load  of  men  could  be  hoisted  from  the 
deepest  level. 

Hoisting  "out  of  balance"  can  be  carried  on  without  causing 
excessive  speed  reduction  of  the  set  nor  necessitating  a  higher 
limit  of  demand  from  the  power  supply. 

The  liquid  slip  regulator  used  with  this  equipment  is  worthy 
of  special  mention,  as  being  a  decided  departure  in  important 
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details  from  the  heretofore  generally  accepted  design.  In  the 
latter,  it  was  necessary  to  make  a  water-tight  joint  between  the 
tile  or  porcelain  vessels,  and  the  cooling  tank,  and  also  between 
the  tile  and  the  electrodes,  clamping  rings  or  draw  bolts  being 
used  for  this  purpose.  In  many  instances,  this  construction  in 
connection  with  temperature  changes  resulted  in  broken  tiles, 
causing  much  annoyance. 


END  ELEVATION 


Fig.  7 — Automatic  Slip  Regulator — Cross  Section 

In  the  present  design,  a  sectional  end  view  of  which  is  shown 
in  Fig.  7,  the  tiles  are  simply  placed  upon  a  rubber  mat  on  the . 
steel  bottom  of  the  tank,  the  only  water-tight  joint  being  that 
between  the  lower  electrodes  and  the  bottom  of  the  tank.  Only 
enough  pressure  is  applied  on  the  tile  by  the  holding  down  bolts 
to  hold  it  in  place,  the  purpose  of  the  tiles  being  merely  to  serve 
as  barriers  to  prevent  leakage  between  phases.    Common  sewer 
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tiles  are  used  for  the  purpose.  The  value  of  the  input  limit  is 
adjusted  in  the  usual  manner  by  varying  the  number  of  the 
counterbalancing  weights. 

Tests 

The  first  set  of  tests  was  for  the  purpose  of  analyzing  a  typical 
day's  run  under  ordinary  conditions,  as  regards  its  relation  to 
the  .electrical  equipment. 

In  the  second  test,  measurements  were  made  of  the  electrical 
quantities  for  a  few  trips,  to  determine,  if  possible,  the  efficiency 
while  hoisting  under  known  conditions. 

In  conducting  the  tests,  the  following  measuring  instruments 
were  used: 

Curve-drawing  a-c.  wattmeter — 30  in.  feed  per  hour. 
Graphic  recording  a-c.  ammeter. 

*        u      d-c.  ammeter. 
Indicating  liquid  column  tachometer. 
Graphic  recording  d-c.  voltmeter. 
Karlic  tachograph. 
Indicating  a-c.  wattmeter. 

a-c.  voltmeter. 
"        a-c.  ammeter. 
Integrating  polyphase  watthour  meter. 

First  Test.  A  log  was  kept  of  all  the  movements  of  the  hoist 
from  7:00  a.m.  to  7:00  p.m.,  recording  the  time,  the  nature  of 
all  trips,  quantity  of  ore,  etc.  The  only  instruments  in  use 
were  the  a-c.  recording  watmeter — 30  inches  feed  per  hour, 
Karlic  tachograph  and  integrating  watthour  meter. 

As  mentioned  in  the  preceding  paragraphs,  there  are  no 
special  designated  periods  of  the  day  during  which  the  hoist  is 
used  exclusively  for  the  hoisting  of  ore,  but  this  is  carried  on 
simultaneously  with  the  unproductive  work,  as  the  conveying 
of  timber,  men  and  supplies.  Moreover,  the  hoisting  is  of  such 
an  intermittent  nature,  that  a  straight  line  input  to  the  motor- 
generator  set  is  not  even  approximated,  even  at  the  low  limit 
of  400  kw.  Storage  or  bins  are  under  construction,  but  were 
not  in  operation  at  the  time  of  the  tests.  To  illustrate  the 
character  of  the  load,  a  portion  of  a  typical  day's  load  chart  is 
shown  in  Fig.  8.  This  curve  is  reproduced  from  one  of  the 
daily  records  from  the  3  in.  per  hour  curve-drawing  wattmeter 
included  with  the  switchboard  equipment. 
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The  results  of  this  test  are  given  below. 

Duration  of  test   12  hours. 

Actual  time  hoist  in  motion   3.5  hours. 

Total  number  of  trips  made   280 

Number  of  skips  of  ore  hoisted   63 

Percentage  ore  trips  of  total   22.5  per  cent. 

Total  weight  of  ore  hoisted   252.5  tons 

Average  weight  of  ore  per  skip   4.01  tons 

Average  lift  of  ore   1428  ft.  (435.2  m.) 

Net  work  done  on  ore- total   272  kw-hr. 

-     -       -    «     -  per  trip   4.32  kw-hr. 

*      *       u    u      u     *  ton   1.08  "  * 

Kw-hr,  energy  used  during  day   1500  kw-hr. 

Total   kw-hr.  energy  used,  including  non-pro- 
ductive work  per  ton  ore  hoisted   5.94  kw-hr. 


Fig.  8 — Load  Diagram  of  A-C.  Input 

Kw-hr.  used  while  hoist  at  rest   680  kw-hr. 

«     *     «       «  hoisting  ore   582    "  41 

*     *  returned  to  power  system   14.6  kw-hr. 

Overall  efficiency  while  hoisting  ore   46.7  per  cent. 

The  trips  with  ore  were  divided  among  the  levels  as  follows: 


Level 

No.  Trips 

Actual  Lift 

1000  ft.  (304.8  m.) 

6 

1068.5  ft.  (325.6  m.) 

It 00  • 

3 

1170.0  « 

1200  • 

3 

1271.2  ■ 

1300  « 

20 

1372.5  • 

1400  * 

7 

1473.5  • 

1500  • 

22 

1574.5  • 

1800  •  i548.6  m.) 

2 

1915.2  (583.7  m.) 

The  weight  of  ore  hoisted  was  obtained  by  observing  the  number 
~*  cars  dumped  into  each  skip  and  using  an  average  weight  per  car  ob- 
4  from  a  large  number  of  cars. 
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The  calculated  net  work  done  in  lifting  the  ore  is  subject  to 
some  error,  inasmuch  as  during  about  25  per  cent  of  the  trips 
timber  or  men  were  lowered  in  counterbalance  with  the  ore.  On 
the  other  hand,  men  were  hoisted  with  the  ore  during  about 
20  per  cent  of  the  trips. 

During  about  50  per  cent  of  the  trips  with  ore,  at  least  one 
stop  was  made  between  the  loading  level  and  the  dump,  there 
being  a  maximum  number  of  six  such  stops.  The  total  kilowatt 
hours  used  was  obtained  from  readings  taken  on  the  watthour 
meter  at  the  beginning  and  end  of  the  test. 

The  energy  used  during  the  ore  trips  was  obtained  from  the 
record  made  by  the  30  in.  per  hour  curve-drawing  wattmeter 
with  the  aid  of  a  rolling  planimeter.  The  energy  returned  to 
the  system  was  obtained  in  the  same  manner. 

The  time  during  which  the  hoist  stood  at  rest  was  taken  from 
the  tachograph  record. 

Second  Test.  In  order  to  secure  as  rapid  hoisting  as  possible, 
there  was  accumulated  at  the  1500-foot  level,  30  cars  of  ore 
making  possible  5  consecutive  trips,  as  fast  as  the  skips  could 
be  loaded. 

Continuous  records  were  made  on  the  graphic  meters  of  the 
d-c.  voltage  and  current  and  of  the  a-c.  current.  A  time  marker 
marked  every  second  on  all  of  the  records,  simultaneously.  The 
speed  of  the  motor-generator  set  was  read  at  frequent  intervals 
and  telegraphed  to  one  of  the  graphic  records  at  the  instant  of 
reading,  a  record  of  the  consecutive  readings  being  kept  which 
was  later  transferred  to  the  graphic  record.  The  speed  of  the 
hoist  motor  was  taken  from  the  tachograph  record  and  the  30  in. 
per  hour  recording  wattmeter  supplied  a  record  of  the  power 
delivered  to  the  motor-generator  set. 

Fig.  9  is  a  consolidation  of  all  of  the  records  and  readings 
taken  for  the  five  consecutive  trips. 

By  combining  the  two  d-c.  graphic  records,  the  d-c.  power 
curves  were  obtained. 

The  following  conditions  pertain  to  this  test: 
Hoisting  done  in  balance 

Duration  of  test   565  seconds 

Lift   1574.5  ft.  (479.9  m.). 

Number  of  skips  hoisted     5 

Weight  of  ore  hoisted   20.3  tons 

Average  weight  per  skip   4.06  tons 

Net  work  done — total   24.1  kw.  hr. 

Average  time  per  trip   113  sec. 
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Actual  running  time  total   310  * 

*        •        *    av.  per  trip   62  * 

Time  at  rest-total   255  * 

*     *    ■  average  per  trip   51  * 

Average  time  for  acceleration   22  * 

Average  time  for  running  at  full  speed   15.5  * 

Average  time  for  retardation   24.5  * 

Average  rope  speed   1525  ft.  per  min. 

Max.       •        •    2580  *    ■  * 

Average  speed  of  M-G.  set   486  r.p.m. 

Hoist  motor  input  (exclusive  shunt  field)...  32.64  kw-hr. 

•    output   28.2     •  • 

Mechanical  efficiency  of  hoist   83  per  cent. 

Energy  input  to  M-G.  set  total   50.5  kw-hr. 

Kw-hr.  per  ton   2.49 

Overall  efficiency   47.7 


The  energy  dissipated  in  the  various  parts  of  the  equipment 
was  found  to  be  as  given  in  the  table  below. 

Per  cent,  of  net 
Losses  in  mechanical  parts  of    Kw-hr.  work 
hoist,  sheaves,  guides,  etc. ...      4.1  17.0 

Hoist  motor  losses   6 . 25  25 . 9 

Generator  losses   5.53  22.9 

Induction  motor  losses   3.99  16.6 

Flywheel  losses   4.08  17.0 

Slip  regulator  losses     2. 12  8.8 

Exciter  losses   0.39  1.6 

Total  losses   26 . 46  109 . 8  per  cent. 

Net  work  done  on  ore   24. 1 

Total  energy  consumed   50 . 56  kw-hr. 

Overall  efficiency   •  47 .66  per  cent. 

The  hoist  motor  input  was  measured  directly,  and  the  output  was 
obtained  by  deducting  the  losses  which  were  based  on  factory  test  results. 

The  power  input  to  the  motor-generator  set  when  running 
light  as  measured  by  the  30  in.  per  hour  curve-drawing  watt- 
meter, and  checked  by  the  indicating  wattmeter  was  80  kw.  at 
512  rev.  per  min.  For  the  average  speed  of  the  set  during  the 
test  this  was  taken  at  78  kw. 

The  segregation  of  the  losses  in  the  set  was  made  from  results 
of  tests  made  in  the  factory.  The  running  light  input  to  the 
set  includes: 

Flywheel  bearing  friction  and  windage 
Generator  a 
Ind.  motor  a 

"       u    core  loss  and  running  light  copper  loss. 
Hoist  motor  shunt  field  (with  economy  resistance  in  series) 
Exciter  loss  with  load  of  motor  field. 
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The  same  total  loss  in  the  equipment  is  obtained  by  adding  to  the 
running-light  loss  of  the  set,  the  increase  in  losses  while  under  load,  these 
being  readily  calculated,   On  this  basis,  the  result  is  as  follows: 


Motor  shunt  field  (increase)   0.248  kw-hr. 

Ind.  motor  copper  loss  (increase)   0.223  a  a 

Exciter  loss  (increase)   0.060  u  a 

Generator  losses  (excl.  fric.  &  w'd'ge)   3.019  a  u 

Motor  losses  (excl.  shunt  field)   4.440  u  u 

Regulator  losses   2  .120  u  u 

Running  light  loss  of  set   12 . 250  u  " 

Friction  in  mech.  parts  of  hoist.   4.1  u  u 


Total  :   26.460 


Fig.  9 — Consolidated  Curves  from  Tests 


An  item  not  included  in  the  above  segregation  consisting  of 
approximately  0.25  kw-hr.,  used  in  operating  the  accumulator 
oil  pump  and  the  brake  solenoids  is  also  included  in  the  running 
light  input. 

The  total  energy  accounted  for  is  therefore  50.81  kw-hr.,  as 
against  50.5  shown  by  the  wattmeter. 

The  energy  output  of  the  generator,  as  obtained  from  the  d-c. 
power  curves  by  the  aid  of  a  rolling  planimeter  was  32.64  kw- 
hr.,  and  the  input  38.17  kw-hr.  The  input  to  the  generator 
was  at  the  rate  of  243  kw.,  so  that  during  the  trips,  approxi- 
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mately  27.5  kw-hr.,  were  required  from  the  flywheel.  The 
average  speed  reduction  of  the  set  during  hoisting  was  10.6 
per  cent  on  the  basis  of  which,  the  energy  given  up  during  the 
five  cycles  was  96,500  kw-sec.  or  26.8  kw-hr.,  which  checks 
fairly  well  with  the  figure  given  above. 

In  general,  the  test  results  check  very  well  with  the  estimated 
performance.  The  friction  losses  in  the  hoist,  sheaves,  rope  and 
guides  proved  unexpectedly  low,  but  the  shaft  guides  are  in 
very  good  repair,  and  the  cage  rides  almost  as  smoothly  as  a 
passenger  elevator.  Also,  the  hoist  drums  run  true  and  with  no 
interference  with  the  brake  shoe  blocks;  the  head  sheaves  and 
idlers  are  well  lubricated  and  easy  running. 

The  efficiency  of  hoisting  exceeded  that  anticipated,  even 
with  the  light  loads,  the  load  per  skip  being  but  80  per  cent  of 
that  considered  normal.  With  heavier  loads,  as  when  hoisting 
high  grade  copper  ore,  the  efficiency  would  be  further  increased. 
Hoisting  was  done  at  slightly  less  than  50  per  cent  of  the  max- 
imum rate  for  this  level  and  the  power  consumption  was  2.49 
kw-hr.  per  ton  as  compared  with  2.83  kw-hr.,  expected. 

The  tendency  should  be  for  the  efficiency  to  increase  at  the 
greater  depths,  the  maximum  probably  being  reached  at  the 
intermediate  levels. 

The  time  for  retardation  is  considerably  longer  than  that  used 
in  calculating  the  duty  cycles,  and  is  the  result  of  the  rather 
close  setting  of  the  Welch  safety  device.  At  present  there  is  no 
particular  reason  for  rapid  hoisting,  and  the  management  being 
inclined  to  a  policy  of  safety ,  require  the  slower  rate  of  retardation. 
A  reduction  in  the  retardation  period  would  further  tend  to  a 
betterment  of  the  efficiency  of  hoisting. 

The  standby  losses  are  considered  particularly  low,  for  an 
equipment  of  this  capacity. 

It  is  believed  that  by  decreasing  the  loading  time  so  as  to 
obtain  a  more  uniform  input  to  the  power  set,  decreasing  the 
retardation  period  and  bringing  the  load  up  to  normal,  the 
hoisting  efficiency  of  this  outfit  will  reach  50  per  cent  at  this 
level. 

It  is  believed  that  the  results  of  these  tests  give  fairly  accurate 
information  as  to  the  operating  characteristics  of  the  hoist  at 
Elm  Orlu,  and  indicate,  in  general,  the  results  to  be  expected 
of  the  performance  of  other  Ilgner  equipments  in  similar  service. 
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APPENDIX 

Supplementary  tests  of  the  same  nature  as  those  referred  to  as 
Second  Tests  on  page  667  were  made  when  hoisting  from  the  ore 
pockets  subsequently  installed  at  the  1500  ft.  level. 

During  these  tests  twelve  skips  were  hoisted  from  the  bins  or 
pockets,  the  time  of  loading  averaging  27.3  seconds  against  51 
seconds  during  the  previous  test.  The  higher  overall  efficiency 
obtained,  namely  50.2  per  cent,  is  due  to  the  decreased  standby 
loss  as  a  result  of  the  decreased  loading  time. 

It  will  be  noted  that  the  total  lift  was  increased  43.5  ft.  when 
hoisting  from  the  ore  pockets,  thereby  increasing  slightly  the 
work  done  per  trip. 

The  conditions  pertaining  to  these  subsequent  tests  and  the 
results  observed  therefrom  are  as  follows: 


Duration  of  test   1,081  sec. 

Lift   1,618  ft. 

Number  of  ships  hoisted   12 

Weight  of  ore  hoisted   97,400  lbs. 

Average  weight  per  skip   4.06  tons 

Net  work  done— total   59 . 38  kw-hr. 

Average  time  per  trip   90  sec. 

Actual  running  time — total   754  sec. 

Actual  running  time,  av.  per  trip   62 . 8  sec. 

Time  at  rest — total   327  sec. 

Time  at  rest,  a  v.  per  trip   27.3  sec. 

Average  time  for  acceleration   21.8  sec. 

Average  time  running  at  full  speed   17.0  sec. 

Average  time  for  retardation   24 . 1  sec. 

Average  rope  speed   1,545  ft.  per  min. 

Maximum  rope  speed   2,550  ft.  per  min. 

Average  speed  of  M-g  set   481  rev.  per  min. 

Hoist  motor  output   70 . 7  kw-hr. 

Hoist  motor  input  (exclusive  shunt  field) ....  81 .5  kw-hr. 

Mechanical  efficiency  of  hoist   81  per  cent 

Energy  input  to  M-g  set — total   118  kw-hr. 

Kw-hr.  per  ton  hoisted   2 .  425 

Overall  efficiency   50 . 3  per  cent 
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Discussion  on  "Forms  of  Electric  Power  Best  Suited  for 
the  Various  Loads  Encountered  in  the  Operation 
of  Bituminous  Coal  Mines"  (Kingsland)  and  "A  New 
Electric  Mine  Hoist  at  Butte,  Montana"  (Sage), 
New  York,  June  28,  1917. 
A.  S.  McAllister:  Has  the  electricity-operated  chain-cutter 
superseded  the  air  punching  machine  in  the  cutting  of  coal? 

R.  L.  Kingsland:  It  is  hard  to  answer  that  question  in  a 
particular  and  comprehensive  way.  I  think,  to  a  large  extent, 
the  electric  chain  machine  has  superseded  the  air  puncher, 
but  at  the  same  time,  air  punchers  are  being  installed  in  new 
operations.  It  is  my  opinion  however,  that  they  are  being  in- 
stalled in  a  very  much  smaller  percentage  of  new  operations 
than  electrically-driven  chain  machines. 

K.  A.  Pauly:  I  want  to  rather  caution  beginners,  at  least, 
from  giving  undue  importance  to  the  question  of  the  cost  of 
feeder  copper.  Mr.  Kingsland  discusses  this  question,  but  I 
think  leaves  it  in  such  a  way  that  the  inexperienced  engineer 
might  unduly  emphasize  the  importance  of  keeping  down  his 
main  or  feeder  copper.  It  must  be  borne  in  mind  that  by  the 
use  of  alternating-current  apparatus  whenever  possible,  we 
eliminate  the  stand-by  losses  of  the  converting  apparatus,  and, 
especially  where  the  load  is  an  intermittent  one,  these  losses  may 
become  a  very  considerable  percentage  of  the  total  power 
consumed  in  performing  the  work.  On  the  other  hand,  the 
money  invested  in  feeder  copper  affects  the  operating  cost  only 
by  the  fixed  charges,  and  as  the  salvage  on  copper  is  so  very 
high,  the  use  of  plenty  of  feeder  copper  usually  results  in 
lowering  the  operating  costs. 

Another  point  brought  out,  and  which  I  want  to  emphasize, 
is  the  question  of  the  use  of  high  volta;;es  in  mines.  There  used 
to  be  an  idea  prevalent  among,  I  might  ,say,  the  laymen  that  no 
high  voltages  should  be  taken  into  the  mine  at  all.  Of  course, 
the  contrary  is  the  case.  Unquestionably,  voltages  in  contact 
with  which  the  operators  may  come,  if  they  do  not  exercise  more 
than  ordinary  care,  should  be  kept  low,  but  there  are  a  great 
many  installations,  such  as  Mr.  Kingsland  mentions,  of  hoists 
and  pumps  which  may  just  as  well  be  fed  at  a  high  voltage, 
and  if  properly  installed  will  be  quite  as  safe  as  if  a  low  voltage 
is  used. 

Mr.  Kingsland  discusses  the  torque  characteristics  of  shunt 
motors.  Here  again,  I  wish  to  caution  against  the  wrong  inter- 
pretation of  what  he  says. 

In  his  example  he  assumes  the  voltage  reduced  to  one-half, 
presumably  due  to  a  high  feeder  drop,  which  drop  should  not 
be  present  if  the  mine  is  going  to  operate  economically.  If  the 
drop  is  limited  to  10  per  cent  or  15  per  cent,  the  saturation  of  the 
fields  considerably  reduces  this  drop  in  the  torque  so  that  the 
shunt  motor  really  shows  up  more  favorably  than  is  indicated. 

With  reference  to  the  variable-speed  drive  of  mine  fans,  I  simply 
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want  to  call  attention  to  a  type  of  alternating-current  com- 
mutator motor  which  has  been  tried  out  sufficiently  long  to 
warrant  claiming  for  it  entire  satisfaction,  in  fact,  this  is  shown 
by  repeated  orders  from  the  companies  which  originally  installed 
them.  We  have  recently  brought  through  our  testing  room 
one  of  these  motors  which  commutates  at  100  per  cent  overload 
as  well  as  any  direct-current  machine,  in  fact,  the  commutation 
being  absolutely  blank. 

C.  A.  Adams:  That  is  a  polyphase  motor? 

K.  A.  Pauly :  ^  Yes.  Of  course,  where  constant  speed  is  required, 
there  is  nothing  better  than  the  induction  motor.  I  would  like 
to  ask,  whether  Mr.  Kingsland  has  experienced  any  difficulty  with 
squirrel-cage  motors  due  to  the  belt  being  thrown  off  when  they 
pass  through  the  peak- torque  point?  Several  cases  have  come  to 
our  attention  where  that  has  been  the  case,  and  we  have  been 
rather  inclined  to  favor  the  polar- wound  rotor  for  this  reason,  since 
it  admits  of  getting  up  to  full  speed  without  passing  through 
this  excessive  torque  point. 

There  is  one  point  in  Mr.  Sage's  paper  to  which  I  wish  to 
especially  call  your  attention — the  close  agreement  between 
expected  and  actual  results. 

If  you  will  look  at  the  curves  of  Fig.  3  which  were  calculated, 
and  the  curves  of  Fig.  9,  you  will  note  that  the  kilowatts  direct 
current  from  the  test  are  approximately  1900,  perhaps  1850  as  an 
average.  Changing  this  to  horse  power,  and  correcting  for  the 
loss  in  the  motor,  the  curves  given  in  Fig.  3  being  motor-output 
curves  and  those  of  Fig.  9  being  motor-input  curves,  you  will 
find  that  the  test  results  show  the  power  required  at  the  peak  of 
acceleration  to  be  approximately  2350  h.  p.,  while  the  calculated 
figures  are  approximately  2600  h.  p.  for  this  level.  You  will  note 
by  examining  the  test  curves  also  that  the  period  of  acceleration 
is  slightly  longer  than  that  assumed  in  making  the  calculations, 
which  in  part  accounts  for  the  difference. 

How  often  we  hear  it  said  that  this  or  that  thing  is  all  right  in 
theory,  but  it  will  not  work  out  in  practise?  Now,  the  trouble 
in  such  cases  is  usually  not  with  the  theory  or  the  practise,  but 
due  largely  or  wholly  to  a  failure  on  the  part  of  the  would-be 
prophet  to  include  in  his  analysis  of  the  problem  all  the  factors 
affecting  it. 

Claims  of  absurdly  high  operating  efficiencies  and  correspond- 
ingly low  power  consumptions  have  frequently  come  to  my  atten- 
tion, in  fact,  in  one  instance  a;i  operator  apologized  for  the  size 
of  his  flywheel  because  it  would  not  take  the  peak  without  too 
greatly  reducing  the  speed  of  the  generator,  when  in  reality  the 
trouble  was  due  to  an  underestimation  of  the  power  required  for 
making  the  trip. 

Like  every  other  problem  of  a  similar  nature,  the  calculation 
of  the  power  required  to  perform  a  given  hoisting  cycle  is  made 
up  of  two  factors;  first,  an  accurate  determination  of  the  useful 
work  to  be  performed,  and  second,  the  determination  of  the  losses 
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in  the  «=everal  -feces  of  machinery  used.  The  calculation  of  the 
tisefal  work  in  htir.ing.  a?  is  frequently  the  case  in  problems  of 
this  kind,  is  comparatively  simple  and  capable  of  great  accuracy. 
The  determination  of  the  losses  is  not  so  simple,  bat  even  those 
with  the  electrically-driven  hoist  do  not  present  any  serious 
difficulties,  if  care  commensurate  with  the  problem  is  taken.  In 
fact,  we  can  limit  the  troublesome  factors  in  the  summation  of 
the  losses  to  two  namely,  the  losses  beyond  the  dram  and  the 
friction  and  windage  of  the  flywheel  of  the  motor  generator. 

As  the  former  varies  wider.-  in  different  localities  and  from 
time  to  time  in  the  same  shaft,  due  to  movements  of  the  rock 
through  which  the  shaft  passes,  the  power  consumption  should 
be  based  on  as  careful  and  accurate  estimate  of  the  efficiency  of 
the  mechanical  hoist  as  can  be  made  and  this  stated  in  giving 
estimated  power  consumptions. 

So  much  test  data  are  now  available  on  which  to  base  an 
estimate  of  the  friction  and  windage  of  the  flywheel  that  there  is 
little  excuse  to  miss  this  loss  by  any  considerable  percentage, 
certainly  not  enough  to  materially  affect  the  power  consumed 
per  trip,  a  figure  usually  used  in  comparing  different  sv  stem 
equipments. 

I  have  discussed  this  point  rather  at  length,  because  power 
consumption  is  one  of  the  very  important  factors  influencing 
the  choice  of  a  system  or  equipment  for  meeting  the  conditions 
obtaining  at  any  particular  mine,  and  it  is  important  that  prac- 
tical mining  men  should  appreciate  that  our  thorough  knowledge 
of  the  characteristics  of  electrical  rnachinery  make  it  possible 
to  predetermine  power  consumption  very  accurately.  I  think 
you  will  al!  agree  with  me  that  a  careful  study  of  this  paper  will 
convince  the  most  skeptical  engineer  of  the  possibility  of  the 
accuracy  of  predetermined  power  consumptions  for  mine  hoists, 
and  I  might  say.  although  this  is  hardly  necessary  under  the 
present  state  of  the  art.  should  convince  him  of  the  high  econ- 
omies possible  with   the  electric  hoist. 

EL  H.  Clark:  I  agree  with  Mr.  Pauly  that  the  use  of  high 
voltage  in  coal  mines  is  relatively  safe,  because  of  the  fact  that 
it  is  acknowledged  to  be  dangerous,  and  consequently  adequate 
safeguards  are  used,  safeguards  that  are  more  adequate,  I  believe, 
than  those  applying  to  lower  voltages,  such  as 300 and 650.  Thehigh 
voltage  is  usually  brought  in  through  three-phase  cables,  which 
are  adequately  insulated  and  protected  and  properly  supported 
and  shielded  from  injury,  and  are  used  for  stationary  apparatus, 
whereas  the  other  voltages,  the  lower  voltages,  are  used  for  port- 
able apparatus,  often  times,  and  there  the  current  is  carried  in 
and  distributed  over  bare  wires. 

The  introdu  tion  of  hi  h-voltage  circuits  brings  up  the  prob- 
lem of  how  thev  shall  be  taken  into  the  mine,  and  frequently 
that  is  done  through  bore-holes,  and  I  want  to  ask  Mr.  Kings- 
land  his  idea  as  to  how  cables  in  bore  holes  should  be  suspended. 
If  I  am  correct,  the  depth  of  the  bore  holes  in  coal  mines  is  com- 
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paratively  small,  from  150  feet  to  say  350  feet,  so  that  the 
problem  of  suspending  the  three-phase  cable  is  not  as  difficult 
as  if  the  bore  hole  were  of  a  greater  depth.  I  should  like  to  ask 
him  the  depths  of  the  bore  holes  that  he  refers  to  in  his  paper, 
and  also  I  would  like  to  ask  how  the  lead-armored  cables  are 
supported.  If  a  cable  is  leaded,  it  adds  materially  to  the  weight 
that  it  is  necessary  to  support,  and  the  lead  will  not  be  self-sup- 
porting in  any  considerable  degree.  - 

I  also  ask  Mr.  Kingsland  what  he  would  think  of  using  30  per 
cent  Para  rubber  for  insulation,  really,  good  30  per  cent  Para 
rubber,  without  the  use  of  armor  and  lead?  It  would  seem  to 
me  that  by  using  this  30  per  cent  rubber  he  could  eliminate  the 
armoring  and  lead  and  thus  simplify  the  problem  of  the  cable 
support. 

E.  H.  Martindale:  There  is  one  point  I  would  like  to  mention 
in  the  discussion  of  Mr.  Kingsland  's  paper,  and  that  is  the  under- 
cutting of  mica  on  commutators,  because  it  has  a  bearing  on  the 
mainten  nee  costs  and  reliability  of  service.  I  do  not  believe  that 
the  practise  of  using  under-cut  commutators  on  mine  loco- 
motives and  mining  machines  has  developed  as  rapidly  as  war- 
ranted by  the  resul  s  obtained  by  those  companies  that  have 
adopted  the  practise.  Probably  that  is  largely  due  to  fear  of 
short  circuits  between  commutator  bars  on  account  of  coal  dust. 

There  are  two  very  reliable  methods  for  overcoming  this — 
either  painting  the  slots  after  under-cutting  with  an  air-drying 
insulating  varnish  or  filling  the  slots  with  a  commutator  cement. 
In  the  case  of  the  ordinary  U-shaped  slot  left  by  the  milling  saws 
either  the  commutator  cement  or  the  insulating  varnish  i  satis- 
factory. With  the  V-shaped  slo  ,  such  as  is  left  by  a  commutator 
slotting  file,  the  cement  cannot  be  used,  as  it  will  not  adhere 
properly  to  the  slot.  Personally,  I  favor  the  V-shaped  r  lot  be- 
cause it  leaves  a  very  clean  smooth  slot,  and  leaves  mica  to  pro- 
tect the  bars  except  at  the  very  surface.  In  the  U-shaped  slot, 
on  the  other  hand,  the  mica  is  cut  from  between  the  bars,  leaving 
the  bars  exposed  inside  of  the  slot.  Moreover  the  mica  is  torn, 
leaving  holes  in  which  dust  is  more  apt  to  collect. 

I  would  like  to  ask  Mr.  Kingsland  what  his  experience  has  been 
with  under-cutting  commutators. 

R.  L.  Kingsland:  Mr.  Martindale  referred  to  undercutting 
commutators.  We  have  tried  this,  in  fact,  in  haulage  locomotives 
we  have  had  a  good  many  under-cut  commutators  direct  from 
the  manufacturers  which  have  given  us  a  great  deal  of  trouble. 
The  principle  seems  to  have  been  carried  out  in  railway  practise, 
and  has  proven  highly  successful,  but  in  mining  work,  where  it  is 
necessary  to  work  at  lower  speeds,  the  centrifugal  action  does  not 
seem  to  free  the  slots  of  the  undercut  commutator  from  the 
collection  of  coal  dust,  oil  and  carbon  to  anywhere  near  the 
extent  that  it  does  in  railway  work,  so  that  with  the  use  of  a 
milling  machine  for  under-cutting  we  found  the  practise  very 
unsatisfactory.    We  have  done  quite  a  little  slotting  with  a 
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three-cornered  file,  which  has  gotten  us  aw  y  from  a  great  deal 
of  the  trouble. 

The  point  brought  up,  of  using  an  insulating  varnish  in  the 
slots  is  a  new  one  to  me,  and  I  have  not  considered  it  at  all,  but 
think  it  sounds  very  interesting.  I  would  ask  if  Mr.  Martindale 
has  tried  this  out,  and  whether  he  would  recommend  an  ordinary 
commercial  air-drying  varnish  or  any  special  varnish  for  that 
purpose? 

E.  H.  Martindale:  I  know  of  two  or  three  companies  which 
have  tried  out  the  air-drying  varnish,  and  it  has  proven  very 
successful.  I  think  the  only  precaution  necessary  is  to  get  an 
insulating  varnish  which  will  dry  so  hard  that  when  the  com- 
mutator is  cleaned  afterward  with  a  commutator  stone,  or  sand- 
paper, the  varnish  will  not  gum.  Such  varnish  can  be  secured, 
and  it  is  a  very  easy  matter  to  clean  the  surface  of  the  commuta- 
tor afterward.  In  the  V-shaped  slot  there  is  the  further  advan- 
tage, that  at  the  low  speeds  of  mine  locomotives  the  dust  will  fly 
out  quite  easily. 

R.  S.  Sage:  Does  Mr.  Kingsland  in  applying  induction  motors 
to  his  drives,  such  as  pumps,  fans  and  tipple  machinery,  have 
any  line  at  which  he  departs  from  the  use  of  squirrel-cage  motors 
and  goes  to  the  use  of  the  wound-rotor  type  of  motor.  Does  he 
set  the  limit  at  any  particular  horse  power?  If  not,  what  deter- 
mines its  selection? 

R.  L.  Kingsland:  In  selecting  motors,  my  preference  has  al- 
ways been  for  the  squirrel-cage  type  of  motor,  if  it  is  possible  to 
use  it  at  all,  and  I  have  found  that  simplicity  and  ruggedness  are 
the  two  things  we  cannot  afford  to  sacrifice  in  mining  work. 
Therefore,  it  is  not  a  question  of  capacity,  it  is  merely  a  question 
of  the  characteristics  of  the  load,  in  deciding  whether  we  would 
use  the  squirrel-cage  or  wound-rotor  type  of  motor. 

R.  S.  Sage:  I  had  in  mind  the  starting  conditions  determined 
by  the  capacity  of  the  motor. 

R.  L.  Kingsland :  In  the  starting  condition  We  never  found  that 
the  peak  load  was  serious  enough  to  affect  our  power  supply,  and 
therefore  it  is  merely  a  question  of  the  application  of  the  motor 
as  having  sufficient  starting  torque  to  start  the  load  it  is  to  drive. 
If  we  can  do  it  with  a  squirrel-cage  induction  motor,  we  do. 

C.  M.  Means  (Abstracted  by  H.  H.  Clark):  The  paper  as 
presented  by  Mr.  Kingsland  is  a  step  in  the  right  direction  and 
touches  on  a  field  that  has  not  received  the  intensive  study  that 
has  been  accorded  many  other  lines  of  electrical  engineering  of 
relatively  less  importance.  Considering  the  item  of  ventilation 
it  appears  to  me  that  this  phase  could  have  been  very  materially 
elaborated  upon  because  of  the  importance  of  proper  ventilation 
in  coal  mines  The  general  trend  throughout  the  bituminous 
coal  fields  is  for  more  and  better  ventilation.  Very  many  of  the 
large  mines  require  fan  motors  of  capacities  from  100  to  500  h.  p. 
When  the  requirements  of  a  mine  are  such  as  to  demand  the  use 
of  a  large  amount  of  power  for  ventilating  purposes,  i*-  «  impor- 
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tant  that  this  feature  be  studied  very  carefully.  In  many  in- 
stances we  find  that  the  energy  used  for  supplying  ventilation 
equals  or  exceeds  all  other  requirements  for  power  in  and  about 
the  mine.  The  energy  required  to  operate  a  ventilating  fan 
varies  approximately  as  the  cube  of  the  speed.  A  motor  that  will 
allow  speed  reduction  during  such  times  as  the  mine  is  not  in 
active  operation  will  very  materially  lessen  the  amount  of  power 
required  for  ventilation.  Inasmuch  as  nearly  all  large  capacity 
fans  are  driven  with  alternating-current  motors,  the  wound- 
rotor  type  will  result  in  a  very  material  saving  in  power  even 
though  considerable  current  is  used  up  in  heating  r  sistance 
when  operating  at  the  reduced  speed.  When  you  consider  that 
the  average  coal  mine  operates  only  eight  hours  per  day  and  for 
something  like  200  to  250  days  per  year,  the  saving  becau  e  of 
reduced  fan  speeds  is  apparent.  Several  types  of  motors  suitable 
for  the  operation  of  ventilating  fans  have  been  developed  that 
show  a  relative  high  efficiency  during  the  period  when  minimum 
air  requirements  exist.  The  two-speed  motor  is  a  very  desirable 
scheme  in  the  small  sizes,  but  in  general  is  not  satisfactory  for  the 
larger  installations  because  of  the  constantly  changing  conditions 
unde  ground  that  affect  the  quantity  and  pressure  of  air  required 
to  properly  ventilate  the  mine. 

I  fully  agree  with  the  author  that  a  motor-generator  set  or 
synchronous  converter  will  furnish  equally  satisfactory  service 
under  average  conditions.  Inasmuch  as  these  sets  can  be  located 
centrally  with  respect  to  load,  the  over-compounding  of  the 
motor-driven  generator  has  little  value.  There  are  a  few  cases 
however,  where  there  is  a  decided  advantage  in  applying  one  or 
the  other  system,  for  the  conversion  of  alternating  current  to 
direct  current.  In  case  it  is  desired  to  regulate  power  factor,  the 
motor-generator  set  affords  the  proper  solution  with  the  use  of  a 
separate  exciter  and  regulator.  Where  the  charge  for  electrical 
energy  is  based  on  the  kv-a.  demand,  the  saving  occasioned  by 
the  corrective  characteristics  of  a  motor-generator  set  may  more 
than  compensate  for  the  inherent  losses  of  the  set  by  reducing  the 
demand. 

A.  B.  Kiser  (Abstracted  by  H.  H.  Clark):  In  the  near  future 
most  of  the  power  that  will  be  available  in  our  coal  fields  will  be 
in  the  fornj  of  alternating  current,  because  coal  companies  during 
the  past  five  years  have  awakened  to  the  advisability  of  purchas- 
ing their  power  or  of  building  comparatively  large  central  stations 
of  their  own.  In  either  case  the  power  will  be  generated  as  alter- 
nating current. 

The  frequency  available  will,  of  course,  be  determined  by  the 
power  companies  and  will  probably  be  60  cycles,  since  the  power 
is  primarily  generated  for  lighting  and  industrial  purposes. 
Recent  developments,  however,  have  made  it  possible  to  operate 
60-cycle  apparatus  as  satisfactorily  as  25-cycle  apparatus. 

I  question  whether  the  statement  as  regards  low  voltage  com- 
ing into  more  general  favor  can  be  verified  in  Pennsylvania, 
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are  nt-tr*  exter_rrre  are  exterjimg  the  tise  :c  trjwi::-in  voltage. 
I  n-tte        K~ziL2&±  f~-r:rs  tbe  use  rc  either  d~c  or  Z-zl 
Jjt  a^r.  pnner  at  230  vtlts  cr  jess  f  :r  pcciar  je  machines. 

rj£ces»art_y  :.i5szitji  as  mecrum  village- 

The  frrftbty  ct  variable  speed  f-c.  mztrrs  has  as  yet 
been  approe-thed  ty  tbe  a-c.  mi t  :r.  I  say  this  having:  in  mind 
every  available  sceed-regulatfr  g  ievize  applicable  to  a-c_  motors, 
sbp^rbtr  motors,  brush-shirting  mtt.rcs.  regulating  sees  and  nx>- 
speed  m-tt.ocs. 

To  rr_y  mini  the  use  of  hating  has  been  prti-.en  the  most 
satirfa-rt try  arid  reliable  drive  f  rr  r™:e  fans-  Tbe  modern 
hfzh-^peed  far  hra-rer.  is  entirely  free  frrct  'he  disagreeable 
cut-on  hlow?  of  ibe  oli  style  fart.  With  lar^e  motor-driven  fans 
tbe  necessity  cf  ocerating  large  mine  tars  at  reduced  speed  oo 
idl-e  days  and  at  mght  cculi  n:-t  be  taken  care  if  by  the  changing 
ot  pu ,  .fys. 

As  regards  tbe  elimination  «:f  cornmutaters  with  attendant 
trebles  I  w:«uld  state  that  I  have  seen  m::?rs  in  sixes  from 
100  b  p.  to  250  h  p.  where  the  commutation  required  less  atten- 
tion and  ctnoem  than  tbe  observation  o:  air-gar  clearance  would 
re/tuire  in  mductitu  nt ot  ters  of  the  same  size. 

i  bebeve  that  a  drop  cf  10  p«er  cent  when  using  high-voltage 
alternating  current  is  entirely  tco  higb.  I  ant  net  in  favor  of  the 
ht=*tallatioc  of  suhstation  equipment  tmdergrcurAi  where  it  is 
p</-.~i"ole  tc  keen  same  above  the  ground.  I  cannot  agree  with  the 
writer  as  regards  tbe  use  of  synchronous  convenors  for  mine 
operation.  Tbe  fact  that  Mr.  Kir.gslani  has  control  of  the  power 
plants,  transmission  Hnes  and  tbe  various  loads  as  applied  has 
considerable  bearing  cn  his  determination.  If  the  writer  were 
buying  pewer  from  power  companies  wbere  the  voltage  varies 
materially  or  it  was  necessary  to  make  power-factor  correction  he 
would  find  synchronous  convert ors  unsatisfactory. 

Tbe  cost  of  transmissicn  wben  included  with  convertors  shows 
nothing  in  tbeir  favor  as  to  tbeir  cast  or  erhciency. 

Upon  mcuiry  I  rind  that  cne  of  the  larger  manufacturers  is 
seT.irg  cne  convert  or  as  compared  with  24  motor-generator  sets 
in  the  coal  fie  A. 

Overbad  s  can  be  carried  with  equal  facility  by  motor-gen- 
erator sets  as  I  have  seen  300  kw.  motor-generator  sets  carrying 
75  per  cent  overload  without  injury. 

Usir.g  500  volts  as  we  do  so  largely  in  Pennsylvania  we  would 
be  under  the  necessity  of  operating  convertors  at  about  600  volts, 
direct-current.  Whereas  on  light  loads  we  want  our  voltage  at 
525  permitting  same  to  over-compound  to  575.  This  takes  care 
of  tbe  drop  in  the  transmission  lines  and  permits  our  small  500- 
volt  motors  to  operate  at  the  proper  speed.  Convertors  neces- 
sarily do  not  over-compound  to  compensate  for  line  drop  nor  can 
the  operator  control  the  d-c.  voltage  as  he  sees  tit. 
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Further  in  a  motor-generator  set  the  a-c.  circuits  are  removed 
from  all  proximity  to  the  d-c.  circuits. 

I  also  regard  the  control  and  operation  of  our  motor-generator 
sets  as  much  simpler  and  more  satisfactory  than  the  synchronous 
convertors. 

Graham  Bright  (Abstracted  by  H.  H.  Clark) :  Mr.  Kingsland's 
paper  shows  very  clearly  the  modern  trend  of  the  application  of 
electric  power  to  bituminous  coal  mines.  In  comparing  the 
characteristics  of  the  various  motors  used  about  a  coal  mine,  Mr. 
Kingsland  lays  most  stress  on  the  comparison  between  the  shunt 
or  compound  motor  and  the  a-c.  induction  motor.  This  is  true 
when  comparing  the  motors  used  on  the  tipple  and  outside  of  the 
mine.  Most  of  the  motors  inside  of  the  mine,  however,  such  as 
those  used  to  drive  locomotives  and  mining  machines  are  of  the 
series  type  whose  characteristics  are  quite  different  from  the 
shunt  type.  As  stated  by  Mr.  Kingsland,  the  torque  of  an 
induction  motor  varies  directly  as  the  square  of  the  voltage. 
The  torque  of  a  series  d-c.  motor,  however,  does  not  depend  in 
any  way  on  the  voltage,  but  is  a  direct  function  of  current.  The 
only  effect  of  lowering  the  voltage  on  a  series  motor  is  to  reduce 
the  speed,  and  the  torque  for  a  given  current  remains  the  same 
irrespective  of  voltage.  With  a  series  motor,  a  very  large  drop  in 
voltage  can  be  successfully  used  so  that  it  is  quite  common  to 
find  conditions  where  a  voltage  drop  of  50  per  cent  exists  during 
the  accelerating  periods  or  in  particularly  heavy  loads  on  a  haul- 
age or  cutting  system.  This  drop  is  entirely  permissible  when 
using  a  d-c.  series  motor  but  would  be  inoperative  with  an  induc- 
tion motor.  For  this  reason  the  amount  of  copper  required  for 
an  induction  motor  is  greatly  in  excess  of  that  necessary  with  a 
series-type  direct-current  motor  at  the  same  voltage. 

When  using  a  rail  return  with  an  induction  motor  the  im- 
pedance of  the  rail  is  very  many  times  the  ohmic  resistance. 
This  frequently  means  the  strengthening  of  the  rail  circuit  by 
means  of  a  copper  feeder.  The  a-c.  system  has  been  used  very 
successfully  in  cutting  machines,  but  has  not  proved  practical 
for  locomotive  haulage  for  the  long  hauls  inside  of  the  mine.  A 
number  of  three-phase  locomotives  for  industrial  purposes  are  in 
operation  for  use  outside  of  the  mine  where  the  capacity  is  small 
and  the  distance  of  the  haul  not  great. 

I  do  not  agree  with  Mr.  Kingsland  that  all  underground  dis- 
tribution should  be  either  bare  wire  or  lead-covered  steel- 
armored  wire.  Where  500  volts  is  used  on  the  trolley,  the  feed 
wires  should  be  insulated  since  a  contact  with  an  insulated  wire, 
although  it  may  result  in  a  shock,  is  not  so  liable  to  produce 
fatal  results  as  with  a  bare  wire.  Persons  in  the  mine  are  always 
on  the  look  out  for  a  trolley  wire,  but  are  not  so  careful  regarding 
feed  wires  and  a  contact  with  a  bare  feed  wire  will  invariably 
produce  a  greater  shock  than  in  case  the  wire  is  insulated. 

It  is  true  that  Tungsten  lamps  for  250  volts  are  not  very 
satisfactory  for  mine  illumination.  This,  however,  can  be  gotten 
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around  by  using  two  110- volt  lamps  in  series.  The  principal  rea- 
son, however,  in  most  mines  for  not  using  Tungsten  lamps  is 
that  it  is  difficult  to  keep  the  miners  from  stealing  them.  This  is 
not  only  true  in  mines,  but  has  been  f  und  to  be  true  also  in 
manufacturing  establishments.  It  is  generally  necessary  to 
connect  all  lights  inside  of  the  min  4  to  the  trolley  or  cutting 
system  while  outside  of  the  mine  lights  can  be  connectrd  to  the 
a-c.  system  in  case  of  purchased  power. 

Mr.  Kingsland  mentions  the  advantage  of  a  motor-generator 
set  over  a  synchronous  converter  to  be  a  high  power  factor  and  a 
closer  voltage  regulation.  The  power  factor  of  the  motor-gen- 
erator set  is  only  high  at  the  lighter  loads  and  at  heavy  overloads 
the  power  factor  is  generally  very  much  less  than  with  the  syn- 
chronous converter.  The  voltage  regulation  of  the  converter 
is  generally  arranged  so  as  to  give  flat  compounding.  That  is, 
the  voltage  on  the  d-c.  side  is  practically  constant  at  all  loads. 
The  motor-generator  set  has  the  advantage  that  at  the  heavier 
loads  it  can  be  made  to  over-compound,  thus  partly  compensat- 
ing for  the  line  loss. 

I  certainly  agree  with  Mr.  Kingsland  regarding  the  use  of  the 
squirrel-cage  motors  for  operating  mine  fans.  The  mine  fan  is  a 
piece  of  apparatus  which  should  operate  over  long  periods  with 
little  or  no  attention,  and  the  squirrel-cage  motor  is  particularly 
adapted  for  this  kind  of  operation.  I  also  agree  with  Mr.  Kings- 
land  in  that  the  belt  drive  is  by  far  the  best  method  of  connecting 
the  motor  to  the  fan.  There  are  few  people  who  appreciate  that 
some  types  of  fans  produce  a  decided  vibration  due  to  the  cut-off 
blows  of  the  fan  blades  as  mentioned  by  Mr.  Kingsland.  These 
cut-off  blows  have  been  known  to  set  up  shocks  in  the  motor 
windings  which  eventually  cause  motor  trouble  and  necessitate 
rewinding  of  the  motor.  The  use  of  a  belt  produces  a  cushioning 
effect  so  that  the  vibrations  are  smoothed  out  and  are  not  com- 
municated to  the  motor  windings.  Where  the  speed  is  to  be 
changed  daily,  a  two-speed  motor  provides  the  best  solution. 

Where  the  speeds  are  to  be  changed  only  occasionally  due  to 
mine  development,  the  best  method,  as  pointed  out  by  Mr. 
Kingsland,  is  to  change  the  size  of  pulley  from  time  to  time. 
This  scheme  is  far  superior  to  the  accomplishment  of  variable 
speed  by  the  use  of  auxiliary  machines  and  complicated  control 
which  has  been  tried  out  to  a  limited  extent  in  this  country. 
This  scheme  is  in  use  in  Europe  where  high-class  operators  can  be 
obtained  at  very  low  wages.  In  this  country,  however,  it  is  very 
difficult  to  obtain  any  kind  of  operators  for  the  mining  regions 
and  the  type  of  equipment  which  will  operate  over  long  periods 
with  little  or  no  attention  is  the  type  of  equipment  which  the 
mine  operators  are  looking  for. 

Mr.  Kingsland  advocates  the  use  of  totally-enclosed  motors  in 
dustyjplaces.  Most  operators  do  not  realize  just  what  totally 
inclosing  a  motor  means  to  the  size  of  the  motor.  The  capacity 
of  a  motor  depends  on  its  ability  to  dissipate  the  heat  losses. 
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The  heat  losses  are  largely  taken  care  of  by  circulating  air  through 
the  machine,  the  air  taking  up  the  heat  as  it  passes  through  the 
various  parts  of  the  machine.  If  the  machine  is  totally  enclosed, 
then  the  heat  must  be  dissipated  largely  by  conduction  to  the 
surface  and  by  radiation  and  convection  from  the  surface.  This 
means  that  for  a  given  capacity  a  much  larger  motor  must  be 
used.  When  the  average  operator  is  told  the  difference  in  price 
between  an  open  motor  and  an  enclosed  motor  he  is  generally 
willing  to  risk  the  open  motor  rather  than  pay  the  difference.  A 
scheme  which  is  generally  much  cheaper  than  using  an  enclosed 
motor  is  to  use  an  enclosed  ventilated  motor.  In  general,  this 
will  not  increase  the  size  of  the  frame  over  the  open  motor  and 
the  ventilation  is  taken  care  of  by  piping  air  from  a  blower 
located  in  a  fairly  clean  place  to  the  motor  casing.  The  air  is 
allowed  to  escape  from  the  motor  from  one  or  more  openings. 
Another  method  which  does  not  involve  enclosed  parts  for  the 
motor  is  to  build  a  small  house  around  the  motor  and  blow  air 
into  this  house  from  a  blower  located  in  a  fairly  clean  place. 
The  advantage  of  this  scheme  is  that  a  standard  motor  can  be 
used  which  is  much  cheaper  than  the  enclosed  motor  and  can 
generally  be  obtained  in  much  less  time. 

Considerable  impetus  has  been  given  to  the  use  of  central- 
station  power  in  mines  due  to  the  fact  that  the  value  of  fuel  has 
greatly  increased  in  price  during  the  last  year  or  so,  while  the 
price  of  central-station  power  has  practically  remained  constant. 
A  few  years  ago,  it  was  a  very  difficult  matter  to  persuade  a  coal 
operator  that  he  could  purchase  power  as  cheap  as  he  could 
produce  it.  The  great  success  of  a  large  number  of  mining  com- 
panies that  have  changed  over  to  central-station  power  makes 
it  no  longer  a  question  of  doubt  and  there  are  very  few  operators 
today  who  will  admit  that  they  can  produce  power  cheaper  than 
they  can  purchase  it  from  a  central  station. 

F.  J.  Duffy  (Abstracted  by  H.  H.  Clark):  I  agree  with  Mr. 
Kingsland  in  the  use  of  60  cycles  in  preference  to  25  cycles.  We 
have  used  a  great  many  60-cycle  synchronous  converters  with 
excellent  results.  The  only  possible  advantage  I  can  see  to  the 
use  of  25  cycles  in  the  mining  industries  would  be  where  very  long 
transmission  lines  are  used. 

The  use  of  300  volts  with  a  divergency  factor  of  10  per  cent  for 
portable  machinery  is  used  almost  exclusively  in  the  anthracite 
field.  There  are  some  instances  where  500-volt  direct  current 
and  440-volt  alternating  current  is  used  but  I  would  prefer  the 
use  of  the  lower  voltage  from  a  safety  point  of  view. 

In  regard  to  cables.  We  have  had  in  service  for  about  five 
years  a  number  of  low-tension  and  also  high-tension  cables  up  to 
4000  volts  in  bore  holes,  using  varnished  cambric  insulation 
with  four  braids  of  heavy  twisted  twine  over  the  varnished 
cambric.  This  braiding  is  thoroughly  impregnated  with  water- 
proof compound.  We  first  used  these  cables  to  replace  lead- 
covered  steel-armored  cables  with  which  we  had  trouble,  due  to 
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the  acid  water  and  the  action  due  to  electrolysis  eating  holes  in 
the  steel  armor,  after  which  occurrence  water  penetrated  the 
cambric  insulation  and  caused  the  failure  of  the  cable.  The 
cables  which  we  installed  with  twine  covering  have  given  excel- 
lent satisfaction  and  we  have  had  no  failures  to  date. 

I  would  like  to  ask  Mr.  Kingsland  the  highest  voltage  he  would 
use  on  larger  induction  motors  in  the  mines  used  for  hoist  and 
pump  service.  Our  practise  is  to  limit  this  to  2200  volts  on 
account  of  getting  the  proper  amount  of  insulation  on  the  stator 
coils.  We  have,  however,  one  800-h.p.  induction  motor  operating 
on  4000  volts  and  have  had  some  trouble  with  this  equipment. 
We  do  not  hesitate,  however,  to  use  synchronous  motors  directly 
on  the  4000-volt  circuit. 

As  stated  before,  as  a  general  rule  we  use  synchronous  convert- 
ers but  where  we  have  a  large  induction-motor  load  and  the 
question  of  power  factor  is  involved,  we  use  synchronous-motor- 
generator  sets.  At  one  colliery  we  have  a  number  of  large  in- 
duction-motor hoists  and  the  breaker  operated  by  induction 
motors.  We  use  a  440-volt  synchronous  motor  driving  the 
generator.  This  440-volt  service  is  taken  from  the  secondaries  of 
the  same  transformers  that  operate  the  induction  motors  in  the 
breaker.  A  Tirrill  regulator  is  used  in  connection  with  the 
synchronous  motor  and  in  this  manner  we  get  the  advantage  of 
power  factor  correction  on  the  transformers  used  for  the  in- 
duction-motor load. 

I  understand  that  in  the  bituminous  region  a  number  of  ven- 
tilating fans  are  being  operated  by  commutator-type  variable- 
speed  induction  motors.  I  would  like  to  ask  Mr.  Kingsland  how 
these  are  working  out.  Personally  I  prefer  the  belt  drive  and  all 
our  recent  installations  have  been  belt  drive,  using  idlers,  allowing 
a  greater  reduction  in  speed  and  shorter  belt  centers. 

In  the  preparation  of  anthracite  coal  we  have  considerable 
dust  to  contend  with  but  do  not  find  that  this  gives  any  trouble 
other  than  clogging  up  the  motor  ventilating  ducts,  but  we  find 
it  necessary,  on  account  of  high  momentary  peak  loads,  to  install 
larger  motors  than  would  ordinarily  be  required,  and  notwith- 
standing the  clogging  of  the  ventilating  ducts  with  dust  the  tem- 
perature of  the  motor  is  well  within  the  limits.  From  the  elec- 
trical side  we  find  it  necessary  to  use  a  motor  of  high  torque  in 
order  to  take  care  of  the  peaks.  As  a  general  rule  our  motors  are 
designed  for  250  per  cent  torque.  Due  to  this  peak  condition 
considerable  trouble  was  experienced  with  the  screw  fastened  and 
soldered  rotor  bar.  The  welded  or  cast  in  rotor  bar  has  elim- 
inated these  troubles.  We  did  find,  however,  80  per  cent  of  our 
trouble  was  due  to  mechanical  reasons  and  on  all  of  the  later-type 
motors  changes  have  been  made  which  have  practically  eliminated 
the  electrical  as  well  as  the  mechanical  troubles. 

The  use  of  inside  substations  is  oftentimes  advisable.  We  have 
two  such  substations  in  operation.  The  only  objection  I  can  see 
jo       i«-i'de  station  is  the  delay  in  changing  apparatus  in  case 
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extensive  repairs  are  necessary.  In  regard  to  locating  substations 
at  various  points  in  large  mines  this  is  often  advisable  where 
the  workings  are  extensive  and  when  two  or  more  substations 
are  used  at  one  mine  I  find  that  where  it  is  practicable  the  d-c. 
side  of  these  substations  should  be  tied  together.  This  would 
not  only  decrease  the  voltage  drop  but  would  allow  operation 
with  a  smaller  substation  capacity,  due  to  taking  advantage  of 
the  divergency  factor.  We  are  starting  to  do  this  extensively 
and  at  the  present  time  have  plans  for  the  tying  together  of  eleven 
different  substations  at  the  various  points  in  the  mines.  The 
d-c.  feeding  system  of  these  various  substations  is  such  that 
they  can  be  tied  together  by  a  very  small  expenditure.  As  a 
protection  in  the  substation  we  are  using  reverse-current  relays 
and  speed-limiting  devices  on  the  converters. 

L.  C.  Ilsley  (Abstracted  by  H.  H.  Clark) :  Mr.  Kingsland's 
statement  that  "no  practical  means  has  been  developed  for  heavy 
haulage  by  the  use  of  alternating  current  and  we  are  therefore 
limited  to  direct  current"  merits  consideration,  since  the  lack 
of  suitable  alternating-current  motors  for  operating  mining  loco- 
motives complicates  many  mining  problems.  Especially  is  this 
true  when  a  new  field  is  under  development.  Under  such  con- 
ditions it  would  be  possible  to  distribute  power  over  the  field  at 
a  high  voltage,  stepping  it  down  at  the  point  where  it  is 
used  to  whatever  value  is  required.  Such  a  practise  would  reduce 
materially  the  cost  of  the  feeder  circuit;  would  replace  synchron- 
ous-converter stations  and  their  attendants  with  transformer  sta- 
tions without  attendants;  would  materially  reduce  the  length  of 
the  low-tension  circuits,  which  would  be  attended  by  a  cor- 
respondingly decreased  secondary  voltage  drop;  would  facilitate 
the  maintenance  of  the  distribution  system  and  decrease  the  cost 
of  maintenance,  since  more  of  the  system  would  be  above  ground 
where  it  would  be  less  subject  to  injury  and  where  it  could  be 
more  readily  inspected.  The  haulage  locomotive  is  the  only 
piece  of  mining  equipment  to  which  alternating  current  has  not 
been  successfully  applied. 

Pumps  and  hoists  operated  by  alternating-current  motors  are 
already  in  universal  use  and  in  most  cases  are  preferred  to  similar 
equipment  operated  by  direct-current  motors.  The  use  of 
alternating  current  simplifies  the  lighting  problem,  since  it 
provides  a  more  flexible  voltage.  Alternating-current  coal-cut- 
ting equipments  have  been  on  the  market  for  some  time  and  are 
in  apparently  successful  use.  On  account  of  the  excessive  amount 
of  dust  which  attends  the  mining  of  coal  alternating-current 
motors  are  much  to  be  preferred  to  direct-current  motors  for  the 
various  miscellaneous  uses  around  a  mine,  both  inside  and  out. 

Therefore,  if  some  kind  hearted  engineer  would  only  solve  the 
problem  of  providing  a  suitable  alternating-current  motor  for 
operating  the  mine  locomotive  he  would  insure  that  the  mine 
distribution  systems  of  the  future  would  be  alternating  current, 
and  would  incidentally  permit  a  considerable  saving  in  installa- 
tion costs  on  the  part  of  the  mine  operators. 
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R.  L.  Kingsland:  Mr.  Pauly  mentioned  the  feeder  copper 
inside  of  mines.  From  an  engineering  standpoint,  feeder  copper  in 
the  mine  is  a  very  simple  problem,  all  you  have  to  do  is  to  work 
out  how  much  is  required  and  put  it  in.  I  have  found  it  a  very 
difficult  problem  to  ever  get  a  mine  to  install  as  much  feeder 
copper  as  you  want  installed,  they  always  try  to  discount  it  and 
talk  of  the  high  price  of  copper  and  the  scarcity  of  labor,  that 
they  are  there  for  getting  out  coal  and  not  for  putting  in  copper, 
and  such  arguments  as  that,  so  that  as  a  matter  of  fact,  it  is*not 
an  unusual  case  to  find  100  volts,  or  even  below  100  volts,  as  the 
working  voltage  in  a  mine  where  the  substation  is  generating  the 
power  at  a  voltage  of  275.  That  is  not  a  condition  we  want,  but 
one  we  have. 

Then  as  to  the  question  of  motors  for  driving  fans.  There  was 
a  little  instance  that  came  to  my  attention  which  may  have  given 
some  designing  engineers  wrong  information.   I  know  of  a  case 
where  they  installed  seven  or  eight  fans,  each  belt  connected  to  a 
150-h.p.  squirrel-cage  induction  motor.   I  was  not  at  the  works 
when  it  was  done,  in  fact,  did  not  go  there  for  several  months 
afterward.   In  the  meantime  we  had  a  lot  of  trouble,  could  not 
keep  the  belts  on,  and  were  burning  the  belts.  We  reported  this 
to  the  manufacturer,  who  supplied  special  switches  so  that  we 
could  have  two  starting  taps.    By  closing  the  first  switch  a 
voltage  high  enough  to  turn  over  the  motor  was  applied.  Open- 
ing the  first  switch  and  closing  the  second  reduced  the  voltage 
applied  to  the  motor  to  a  point  where  there  was  just  enough  to 
bring  it  to  speed.   The  closing  of  a  third  switch  placed  line  volt- 
age on  the  motor.    We  tried  out  this  apparatus  but  still  had  the 
same  trouble  with  the  belt,  due  to  too  rapid  acceleration.  A 
trouble  man  from  the  manufacturer  investigated  the  trouble  on 
the  ground  and  made  recommendations  for  further  speoistl 
apparatus.   This  was  supplied  by  the  manufacturers,  and  tried 
out  without  success.   Soon  after  this  the  writer  had  occasion  to 
visit  these  installations  and  discovered  that  they  had  the  a.\xto- 
transformer  connections  reversed:  the  starting  leads  were  con- 
nected to  the  line  and  the  line  leads  to  the  motor.  This  stepped 
up  the  voltage  for  starting  instead  of  reducing  "it.  These  connec- 
tions were  changed  and  no  further  trouble  experienced  vxs>ing  the 
standard  equipment  as  originally  furnished.    These  fans  ar£ 
larger  than  usually  used  for  motor  drive,  being  14  feet  in  diameter 
by  5  feet  wide.  The  fans  run  at  about  90  rev.  per  mm.  Yieavy 
torque  is  necessary  to  start  from  rest. 

Mr.  Clark  mentioned  the  question  of  suspending  t\\e  cable* 
in  bore  holes.    We  have  suspended  three-conductor  -v^nish^" 
cambric-insulated  lead-covered  steel-armored    cab\^  ^ 
holes  of  a  maximum  depth  of  515  feet.    For  th^    ^"^xxvot  v*e*te 
using  steel  wire  with  a  jute  coating  to  protect  it  X\\e  outs^c; 

and  then  we  are  suspending  the  cable  by  mea*-*^ 
wire  drawn  back  on  clamps  and  have  found  it  sati  ^  ^^-CkT^to^a 
depth. 
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As  to  the  suggestion  of  Mr.  Clark  to  use  a  high  quality  of 
rubber  insulation,  we  have  not  tried  that,  but  I  would  be  afraid 
of  it,  on  account  of  the  acid  content  in  mine  waters  and  the 
vapors  to  which  the  bare  rubber  would  be  subjected.  Of  course, 
if  the  rubber  was  acid  proof,  it  would  be  all  right,  but  it  would 
not  stand  up  indefinitely.  It  would  also  be  difficult  to  suspend 
cable  without  the  steel  armor. 

Mr.  Means'  statements  regarding  the  paper  can  be  explained, 
I  believe,  from  the  fact  that  he  has  looked  at  the  case  from  quite 
a  different  angle  than  I  have.  He  is  considering,  primarily, 
purchased  power;  whereas  all  the  power  that  we  are  using  is 
generated  in  our  own  central  stations.  On  off-peak  periods 
this  means  quite  a  difference  in  cost;  that  is,  there  is  not  the 
same  advantage  to  us  in  cutting  down  a  fan  speed  at  the  off-peak 
period  that  there  would  be  to  a  man  purchasing  his  power. 

Mr.  Kiser  mentioned  that  330  volts  should  be  classed  with  the 
medium  voltage.  My  interpretation  of  the  standards  is  that  the 
low  voltage  includes  300  volts,  with  a  divergency  factor  of  10  per 
cent,  which  would  allow  330  volts  to  be  classed  as  low,  not 
medium. 

Mr.  Kiser  also  states  that  he  has  seen  motor-generator  sets 
operating  satisfactorily  with  75  per  cent  overload.  I  have  seen- 
synchronous  converters  operating  satisfactorily  with  200  per 
cent  overload. 

Mr.  Bright  mentions  the  use  of  series  motors  for  coal-cutting 
machines.  I  have  never  seen  any  coal-cutting  machine  using  a 
series  motor.  They  operate  practically  at  no  load  before  they 
come  in  contact  with  the  coal,  and  therefore  it  is  necessary  to 
have  some  shunt  winding  on  them  to  hold  the  speed  down. 
My  reason  for  not  comparing  the  series  motor  with  the  alter- 
nating-current motor  was  that  I  knew  of  no  practical  use  in  coal  . 
mining  work  of  the  alternating-current  motor,  as  against  the 
series  motor. 

Mr.  Bright  also  recommends  the  insulation  of  500-volt  wires. 
We  have  found  that  ordinary  insulation  on  a  wire  is  even  more 
dangerous  than  a  bare  wire,  on  account  of  the  fact  that  the  men 
trust  to  the  insulation  underground  where  it  will  not  last. 

Mr.  Bright  also  mentions  the  power  factor  on  motor-generator 
sets  as  not  being  any  better  than  converters.  The  power  factor 
of  the  motor-generator  set  depends  almost  entirely  on  what  it  is 
designed  for,  and  it  can  be  regulated  to  suit  conditions. 

Mr.  Duffy  asked  regarding  the  highest  voltage  we  were  using 
for  underground  motors.  So  far,  the  highest  voltage  we  have 
applied  direct  to  underground  motors  is  2300.  We  have  taken 
11,000  volts  down  a  three-conductor  cable,  through  a  bore  hole, 
and  applied  that  to  transformers  for  synchronous  converters. 
Our  principal  reason  for  not  using  a  higher  voltage  is  that  2300 
is  the  highest  voltage  for  which  a  complete  line  of  standard 
motors  is  manufactured. 

In  reply  to  Mr.  Duffy's  question  I  would  say  that  we  are  not 
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using  any  commutator  type  alternating-current  motors.  We 
are  not  experimenting  with  them  at  all. 

Mr.  Ilsley's  discussion  brings  up  the  question  of  alternating- 
current  haulage.  As  I  said  in  the  beginning  of  this  paper,  I  tried 
to  make  it  an  entirely  practical  paper,  and  I  know  of  no  practical 
application  of  alternating  current  to  mine  haulage. 

Graham  Bright  (Communicated  after  adjournment):  Mr. 
Sage  has  presented  a  valuable  paper  on  the  electric  mine  hoist- 
ing industr>r  and  has  given  some  very  interesting  operating  data. 
The  conditions  of  operation  are  rather  fortunate  for  the  hoisting 
equipment  in  that  the  usual  operation  is  found  to  be  far  below 
normal  and  will  probably  be  so  for  some  time.  This  gives  the 
equipment  a  chance  to  be  broken  into  regular  service  and  gives 
the  operators  a  chance  to  become  acquainted  with  the  equipment 
and  its  limitations. 

I  believe  that  Mr.  Sage  is  a  little  optimistic  when  he  states 
that  the  Elm  Orlu  hoisting  equipment  is  one  of  the  two  largest 
hoisting  equipments  in  this  country.  There  was  at  the  time  Mr. 
Sage's  paper  was  written,  one  hoist  which  had  been  in  operation 
for  two  years  at  the  North  Butte  Mining  Company  of  not  only 
larger  capacity  but  performing  a  very  much  heavier  duty  than 
the  Elm  Orlu  hoist  will  be  called  upon  to  perform,  even  when  the 
operating  conditions  of  the  mine  are  approaching  the  normal 
conditions  as  outlined  in  the  maximum  duty  given  in  the  original 
specifications.  At  this  same  time  there  were  two  other  hoists 
of  the  same  capacity  as  the  North  Butte  about  to  be  placed  in 
operation,  one  at  the  Black  Rock  Mine  of  the  Butte  &  Superior 
Copper  Co.  at  Butte,  Mont,  and  the  other  at  the  Canadian 
Copper  Co.  near  Sudbury,  Ont.  Both  of  these  hoists  will  be 
placed  in  operation  some  time  in  July  or  August  of  this  year. 
The  above  hoists  are  the  three  largest  in  North  America  and  the 
attached  table  gives  a  comparison  of  these  three  hoists  with  the 
Elm  Orlu  hoist. 

In  regard  to  the  layout  of  the  equipment,  the  writer  believes 
that  the  flywheel  motor-generator  set  should  be  placed  in  a 
separate  room  or  a  tight  partition  be  placed  between  the  motor- 
generator  set  and  the  hoist  to  eliminate  the  noise  from  the  set. 
The  hoist  operator  can  accomplish  his  work  much  better  if  the 
room  is  quiet  and  he  is  not  bothered  with  the  continual  noise 
made  by  the  motor-generator  set. 

The  WR*  of  the  drum  is  given  as  3,600,000  lb.  ft.  squared.  It 
would  be  interesting  to  know  if  this  is  the  original  estimated 
value  and  if  so,  how  close  it  checks  with  the  actual  value  of  the 
equipment  when  built.  The  WE*  of  the  hoist  parts  of  the  North 
Butte  hoist  is  about  twice  as  great. 

It  might  be  interesting  to  compare  the  information  given  in 
Mr.  Sage's  paper  with  that  given  in  a  very  similar  paper  by  Mr. 
Sykes  presented  at  the  San  Francisco  meeting,  September,  1915. 

It  would  be  also  interesting  to  know  just  how  the  losses  in 
mechanical  parts  of  the  hoist  sheaves  and  guides  are  distributed 
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over  the  load  cycle.  This  evidently  cannot  be  taken  by  assuming 
a  certain  definite  efficiency  as  the  losses  would  be  entirely  too 
great  at  certain  portions  of  the  cycle  and  entirely  too*  light  at 
other  portions.  For  instance,  taking  the  cycle  at  3500  ft.,  the 
point  at  which  retardation  begins  shows  a  load  on  the  hoist 
motor  of  about  50  h.p.  At  85  per  cent  efficiency,  this  would  mean 
that  the  hoist  loss  would  be  about  7}  £  h.p.  which,  of  course,  can 
not  be  correct.  The  scheme  of  assuming  a  certain  torque  as  the 
hoist  friction  seems  to  be  more  reasonable  than  assuming  a 
mechanical  efficiency  of  a  definite  amount. 

The  use  of  a  circuit  breaker  in  the  main  circuit  between  the 
hoist  motor  and  the  generator  is  rather  questionable  if  this 
circuit  breaker  is  to  be  hand  operated.  When  this  circuit  breaker 
opens,  the  operator  loses  the  electrical  control  of  his  hoist  and 
must  depend  entirely  upon  mechanical  brakes.  This  is  not  the 
case  when  the  circuit  breaker  is  omitted  and  safety  protection  is 
obtained  by  placing  the  circuit  breaker  in  the  field  of  the  hoist 
motor  and  generator,  this  circuit  breaker  to  be  reset  by  the 
operator  with  the  controller  in  the  off  position. 

The  rate  of  acceleration  and  retardation  and  the  time  required 
at  rest  as  shown  in  the  tests  are  much  greater  than  will  occur 
when  the  hoist  is  operating  up  to  full  capacity.  It  would  be 
interesting  to  compare  a  set  of  similar  curves  when  working 
at  full  capacity  to  those  as  shown  in  Fig.  9. 

A  very  ample  margin  has  been  chosen  in  selecting  the  equip- 
ment and  it  should  operate  over  long  periods  with  very  low 
up-keep  and  very  small  amount  of  attention. 

J.  B.  Morrill  (Communicated  after  adjournment):  In  the 
seventh  paragraph  of  Mr.  Kingsland's  paper  is  the  statement 
"if  we  had  only  half  rated  voltage  on  a  d-c.  shunt  motor  we  would 
have  one-half  torque,  while  with  one-half  voltage  on  a  squirrel- 
cage  induction  motor  we  would  only  have  one-fourth  torque. 
This  is  a  good  point  to  keep  in  mind  when  considering  a-c.  motors 
for  portable  machines  underground.*'  I  take  it  that  the  author 
intends  to  make  a  case  against  the  induction  motor  by  this  state- 
ment, whereas  theoretically  the  power  in  each  case  would  be  the 
same,  for  the  theoretical  speed  of  the  shunt  motor  would  be  cut 
in  two  by  the  reduced  voltage  and  the  induction  motor  would  run 
nearly  at  full  speed.  The  induction  motor  would  give  then  about 
one-fourth  its  rated  output  at  nearly  its  rated  speed  while  the 
shunt  motor  would  give  one-fourth  its  rated  output  at  less  than 
half  speed,  and  it  seems  to  me  that  in  most  cases  the  former 
would  be  preferred.  Moreover  the  voltage  for  the  induction 
motor  could  be  boosted  up  to  normal  without  introducing  a  rotat- 
ing machine,  making  it  far  easier  to  obtain  rated  power  than  in 
the  case  of  the  d-c.  shunt  machine. 

R.  S.  Sage:  Referring  to  Mr.  Graham  Bright's  communi- 
cated discussion  would  say.  lest  there  be  a  wrong  impression 
gained,  that  it  was  only  a  matter  of  a  couple  of  weeks  until  the 
operators  became  as  familiar  with  the  control  as  with  the  steam 
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hoist  and  without  exception  praised  highly  the  superiority  of 
control  over  the  steam  engine.  At  the  end  of  this  time  there 
would  have  been  no  difficulty  whatever  had  there  been  any  occa- 
sion to  hoist  at  the  maximum  rate. 

The  author  agrees  with  Mr.  Bright  that  it  would  be  advan- 
tageous in  installations  of  this  size  to  place  the  fly-wheel  motor- 
generator  set  in  a  room  separated  from  the  rest  of  the  hoist 
house  as  there  is  always  more  or  less  noise  attending  the  operation 
of  high-speed  machinery  of  the  nature  of  this  set. 

As  to  the  W  R*  of  the  hoist  drums  the  value  given  in  the  paper 
is  that  estimated  by  the  hoist  builders  and  an  analysis  of  the  test 
results  would  indicate  no  great  variance  of  the  actual  from  the 
estimated  value. 

Referring  to  Mr.  Blight's  points  relative  to  the  mechanical 
efficiency  of  the  hoist  it  was  considered  to  be  so  generally  under- 
stood by  those  engaged  in  this  line  of  work  that  the  author  in  his 
paper  did  not  define  the  term  "mechanical  efficiency."  As 
used,  it  was  understood  to  mean  the  ratio  of  the  net  work  done  on 
the  material  in  the  shaft  to  the  work  represented  by  the  duty 
cycle,  and  the  resulting  friction  work  was  considered  to  have  been 
done  at  a  uniform  rate  during  the  entire  trip.  This  efficiency 
cannot  be  exactly  calculated  but  is  arrived  at  by  a  consideration 
of  the  relative  weights  of  the  material  being  worked  upon,  of  the 
skip  and  rope,  the  rope  speed,  etc.  In  the  case  of  a  first  motion 
hoist  with  skips  in  balance,  it  is  believed  that  the  total  friction 
load  does  not  vary  greatly  in  value  from  point  to  point  in  the  trip, 
and  that  no  great  error  results  in  taking  it  as  uniform.  It  is 
©bviously  incorrect  to  assume  the  friction  to  be  a  fixed  percentage 
of  the  net  rope  pulls,  for  at  some  points  in  the  trip  this  may  be 
zero. 

Regarding  the  use  of  a  hand-operated  overload  circuit  breaker 
between  the  hoist  motor  and  generator,  experience  has  proven  its 
use  highly  advantageous,  it  being  understood  of  course,  that  over- 
load tripping  is  confined  to  loads  only  slightly  under  the  commu- 
tating  limit  of  the  machines.    The  dynamic  braking  effect  ob- 
tained by  simultaneously  opening  the  motor  and  generator  fields 
must  necessarily  be  of  a  very  indefinite  and  variable  value. 
Depending  as  it  does  on  the  relative  rate  of  upbuilding  of  the  two 
field  fluxes,  its  value  can  neither  be  predetermined  nor  pre- 
established  with  any  practical  degree  of  accuracy.    Its  effect  can 
very  readily  be  between  the  ranges  of  zero  and  a  value  sufficient 
to  cause  an  arc-over  of  serious  mechanical  strains.  Wherever 
the  matter  is  considered  of  sufficient  importance  to  warrant  the 
additional  cost  involved,  very  simple  means  can  be  provided 
which  will  provide  dynamic  braking  of  a  definite  character  and 
at  the  same  time  permit  the  use  of  the  circuit  breaker  and  retain 
the  benefits  which  it  affords. 

In  regard  to  the  second  paragraph  of  Mr.  Bright's  discussion 
would  say  that,  inasmuch  as  the  Elm  Orlu  and  the  North  Butte 
hoists  have  been  the  only  ones  of  comparable  capacity  in  opera- 
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tion  in  this  country  to  date,  October  8th,  there  is  no  inaccuracy 
in  the  author's  previous  statement  to  the  same  effect.  No  claim 
was  made  of  greater  capacity  for  the  Elm  Orlu  equipment. 

In  view  of  the  operating  experience  at  North  Butte  it  is  inter- 
esting to  note  that  an  1850  h.  p.  continuous  rating  motor  is  re- 
quired to  perform,  as  Mr.  Bright  says,  60  per  cent  more  duty  than 
the  Elm  Orlu  hoist,  which  has  a  motor  capacity  of  1800  h.  p. 
continuous  capacity. 

Considered  aside  from  these  points  the  table  given  by  Mr. 
Bright  is  a  valuable  bit  of  data  covering  noteworthy  equipments 
of  this  character,  three  of  which  are  located  in  this  country  and 
one  in  Canada. 


Presented  at  ike  332nd  meeting  of  the  America* 
Institute  of  Electrical  Engineers,  New  York, 
June  28,  1017. 


Copyright  1917.    By  A.  I.  B.  E. 


ECONOMICAL  COMBINATION  OF  WATER  POWER  AND 
STEAM  PLANTS  AND  A  CONVENIENT  METHOD 
OF  SOLUTION 


BY  H.  ST.  CLAIR  PUTNAM 


Abstract  of  Paper 
A  determination  of  the  respective  economic  limits  in  steam 
and  water  power  plant  developments.  Formulas  are  derived  for 
determining  total  annual  costs  of  each  type  of  plant  and  the 
most  economical  combination.  Certain  general  conclusions  are 
reached  as  follows:  Practically  all  water  power  plants  should 
be  developed  beyond  minimum  power  available  and  hence 
in  combination  with  a  steam  plant.  The  economic  limit 
depends  largely  on  the  value  of  money,  fuel,  labor,  the 
increasing  efficiency  of  steam  turbines  and  the  location  of  the 
enterprise. 


IN  THE  development  of  an  industry  it  is  important  to  care- 
fully consider  possible  improvements  that  may  be  made  in 
methods  and  efficiency.  Of  equal  importance  is  the  prompt 
recognition  of  changes  in  conditions  which  affect  the  industry. 
During  recent  years  these  factors  have  been  especially  important 
in  the  development  of  power  station  practise.  The  perfecting 
of  the  steam  turbine,  the  great  increase  in  the  practicable  capacity 
of  generating  units,  the  larger  boilers  used,  the  use  of  higher 
steam  pressures  and  higher  superheat,  and  improvements  in  au- 
tomatic stokers,  have  added  thirty  or  forty  per  cent  to  the 
overall  station  efficiency  within  the  past  ten  or  fifteen  years. 
Progress  also  has  been  made  in  the  design  of  water  turbines. 
The  efficiency  of  water  turbines  has  been  increased  from  near 
80  per  cent  to  over  90  per  cent  of  the  potential  water  power 
available,  and  the  size  of  the  generating  unit  has  been  mater- 
ially increased. 

The  improvement  in  power  station  efficiency,  both  in  steam 
and  hydraulic  practise,  has  been  great,  but  of  greater  import- 
ance is  the  change  introduced  by  the  change  in  conditions. 
Foremost  among  these  changes  in  conditions  is  the  fact  that  the 
modern  power  plant,  whether  water  power  or  steam,  is  a  highly  ef- 
ficient manufacturing  plant  producing  electric  power  for  sale  in 
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large  blocks  as  well  as  for  retail .  The  recognition  of  this  function  of 
the  modern  power  plant  to  supply  large  blocks  of  power  for  indus- 
trial use  has  resulted  in  the  development  of  large  highly  efficient 
power  stations  manufacturing  electric  power  as  a  business.  The 
industrial  use  of  electric  power  has  greatly  increased  in  recent 
years,  but  there  are  large  amounts  of  such  industrial  power 
still  independently  produced,  and  much  of  this  can  be  more 
economically  supplied  from  central  power  stations. 

Probably  the  greatest  change  in  conditions,  however,  has  been 
introduced  by  the  development  and  perfection  of  long  distance 
high- voltage  transmission  lines.  Transmission  lines  are  now 
built  of  steel  with  factors  of  safety  equivalent  to  those  used  in 
the  construction  of  bridges  and  office  buildings.  This  renders 
them  practically  immune  from  mechanical  failure.  Improved 
methods  of  insulation,  the  increase  in  voltage,  and  the  develop- 
ment of  methods  of  protection  against  short  circuit  and  lightning 
have  reduced  electrical  failures  to  mere  surges,  in  most  cases,  so 
that  records  show  that  the  interruptions  to  service  resulting 
from  the  failure  of  high-voltage  transmission  lines  are  not  in 
excess  of  those  which  occur  in  the  ordinary  operation  of  the 
modern  power  station.  The  comparatively  unreasonable  fear  of 
the  reliability  of  transmitted  power  is  diminishing,  and  it  may  be 
expected  to  disappear  when  transmission  lines  are  constructed 
with  adequate  factors  of  safety  and  when  they  are  properly 
protected  against  electrical  disturbances,  by  devices  which  have 
been  already  tried  out  and  proved  effective. 

The  practical  development  of  the  transmission  line  has  opened 
wide  fields  for  the  economic  development  of  power.  Within 
reasonable  limits,  power  stations  can  be  constructed  where  power 
can  be  most  economically  produced.  The  successful  trans- 
mission of  power  over  distances  of  from  one  hundred  to  two 
hundred  miles  has  given  great  impetus  to  the  development  of 
water  powers  on  a  large  scale,  and  only  recently,  in  this  country, 
it  has  been  applied  not  less  effectively  to  the  transmission  of 
power  from  steam  plants  located  at  the  coal  mines,  where  cheap 
or  waste  coal  can  be  obtained  and  utilized.  The  public  has 
become  accustomed  to  the  transmission  of  electrical  energy  from 
water  powers  for  long  distances,  but  as  yet  the  possibilities 
resulting  from  the  transmission  of  energy  from  steam  power 
produced  directly  in  the  coal  fields  have  not  been  realized,  and 
f he  advantages  resulting  from  the  combination  of  such  cheap 

*am  power  with  existing  and  undeveloped  water  powers  are 
fully  appreciated. 
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The  development  of  large  steam  and  water  power  plants,  and 
the  improvements  made  in  the  transmission  of  power,  have 
raised  new  problems  as  to  the  most  economical  method  of 
operation  and  combination  of  the  several  power  plants.  It  is 
no  longer  good  engineering  to  regard  a  power  project  as  self- 
contained,  to  be  concerned  only  with  its  immediate  power 
market,  but  it  must  be  considered  and  studied  in  connection 
with  other  power  plants,  and  its  design  and  development  should 
be  planned  to  meet  possible  future  connections  with  such  plants. 

This  general  subject  was  discussed  by  the  writer  in  a  paper 
on  the  "Conservation  of  Power  Resources,"*  presented  at  the 


first  national  conference  called  by  President  Roosevelt,  in  1908, 
on  the  Conservation  of  Natural  Resources.  In  this  paper  the 
economic  development  and  combined  operation  of  large  water 
power  and  steam  plants  were  strongly  urged.  It  is  the  purpose 
of  these  notes  to  describe  a  relatively  simple  method  of  solving 
the  different  problems  that  arise  in  combining  different  power 
plants  with  different  costs  and  different  operating  characteristics, 
and  especially  the  use  of  the  method  proposed  to  determine  the 

••Conservation  of  Power  Resources,"  by  H.  St.  Clair  Putnam.  Pre- 
sented at  the  Conference  on  the  Conservation  of  Natural  Resources, 
White  House,  Washington,  D.  C,  May  13-15,  1908;  reprinted  in  Trans- 
actions A.  I.  E.  E.,  Vol.  XXVII,  p.  1398. 
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feasibility  of  water  power  developments,  and  the  magnitude  to 
which  such  developments  should  be  carried. 

Primarily,  the  proposed  method  of  solution  is  based  upon 
careful  estimates  of  the  cost  of  construction  of  such  power  plants 
as  may  be  required  initially,  and  a  second  estimate  of  the  same 
plants  extended  to  greater  capacity,  preferably  to  not  less  than 
double  the  size  of  the  initial  plant.  Careful  estimates  are  then 
made  of  the  annual  capital  costs  of  each  and  the  operating  costs 
at  two  or  more  load  factors.  The  method  is  equally  applicable 
to  water  power  plants  and  to  steam  plants,  and  naturally  can 


0  100.000  2004)00  300.000 

KILOWATTS-INSTALLED  CAPACITY  AND  OUTPUT 

Fig.  2 — Steam  Power  Station — Annual  Costs 


be  extended  to  transmission  lines  and  substations  and  also  to 
existing  power  plants  and  systems.  As  illustrating  the  general 
method  of  solution  proposed,  some  estimates  of  cost  which  were 
prepared  for  a  rather  special  case  where  special  conditions  ex- 
isted are  given.  The  purpose  of  these  estimates  was  to  deter- 
mine the  feasibility  of  a  low-head  water  power  development 
represented  by  the  data  plotted  in  Fig.  1,  and  also  the  economic 
capacity  for  which  it  should  be  designed.  For  the  purpose  of 
determining  possible  economic  combinations,  the  results  of  thev 
water  power  development  were  combined  with  the  results  which 
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could  be  obtained  from  a  well  located  steam  plant  of  modern 
design.  These  estimates  are  used  only  to  illustrate  the  method 
employed,  and  while  they  are  approximately  correct,  their  ac- 
curacy is  not  essential  to  the  purpose  of  this  paper. 

ESTIMATED  COSTS 
Water  Power  Plant 

Installed  Capacity   100,000  kw.  200,000  kw. 

Dams,  dykes,  locks, 
tail  race  and  power 
plant,  complete, 
including  over- 
head costs   $12,200,000  $19,266,000 

A nnual  Cost :  25%  L.F.  75%  L.F.  25%  L.F.  75%  L. F. 

Interest,  deprecia- 
tion and  taxes  $522,350  $522,350  $872,500  $872,500 

Operation  and 

maintenance   96,080  157,180  161,800  284,090 

|618,430      $679,530   $1,034,390  $1,156,590 

Formula— First  cost:  $5,134,000  +  $70.66  per  kw. 
Capital  cost. .  .$172,250  +  3.5010  per  kw. 

•Operating  cost    30,270  +  0.3526  per  kw.  +  0.0001395  per  kw-hr. 

Total  annual  cost  $202,520  +  3.8536  per  kw.  +  0.0001395  per  kw-hr. 

•The  formula  for  operating  cost  is  derived  from  the  estimates  of  operation  and  main 
tenance,  as  follows: 
100.000  Kilowatt  Plant. 

Operating  cost  75%  L.P.  $157,180 

"   25%  L.F.  96,080 

Increment  50%  L.F.  $61,100-0.611  per  kw 

Increment  cost  25%  L.F.  -  $0.3055  per  kw.  -  $0.0001395  per  kw.-hr. 

Operating  cost,  25%  L.F.  (above)   $96,080 

100,000  kw.  @  $0.3055   30,550 

Plant  constant,  100,000  kw   $65,530 

200,000  Kilowatt  Plant. 

Operating  cost  25%  L.F  $161,890 

200.000  kw.  @  $0.3055  (above)   61,100 

Plant  constant,  200,000  kw  $100,790 

Plant  constant,  100,000  kw.  (above)   65,530 

Increment..  100.000  kw   $35,260 

Increment  cost  $0.3526  per  kw. 
Constant. 

Plant  constant  100,000  kw.  (above)   $65,530 

100.000  kw.  ®  $0.3526   35.260 

Constant   $30,270 

Formula— $30,270  +  $0.3526  kw.  +  $0.0001395  kw-hr. 

The  same  general  method  is  employed  to  derive  the  other  interpolation  formula,  used 
in  this  paper,  from  the  estimated  costs. 


696 


PUTNAM:  COMBINATION  OF 


[June  28 


The  corresponding  costs  for  a  steam  plant  constructed  in 
accordance  with  the  best  modern  practise  and  located  immedi- 
ately at  the  coal  mines  where  suitable  coal  can  be  obtained  at  an 
average  price  of  $1.00  per  ton,  are  as  follows: 

Steam  Power  Plant 
Installed  Capacity  90,000  kw.  210,000  kw. 

Ground,  building  equip- 
ment, coal  tracks,  and 
storage  and  condens- 
ing water  facilities. . . .  $5,062,350  $10,643,230 

Annual  Cost:  26%  L.F.  76%  L.F.  26%  L.F.  76%  L.F. 
Interest   (3%),  de- 
preciation and 

taxes   $265,430  $265,430  $566,640  $566,640 

Operation  and  main- 
tenance  385,293  768,850  827,058  1,722,023 

Total  annual  cost       $650,723   $1,034,280   $1,393,698  $2,288,663 

First  cost— formula:    $876,720  +  $46,507  per  kw. 

Capital  cost          $39,530  +  $2.5100  per  kw.  + 

Operating  cost...    53,970  +   1.5505  per  kw.  +  0.000973  kw-hr. 

Total  annual  cost. .  $93,500  +  $4.0605  per  kw.  +  0.000973  kw-hr. 

The  estimated  annual  costs,  as  given  in  this  estimate,  are 
plotted  in  Fig.  2,  which  is  a  graphic  representation  of  the  method 
used  in  obtaining  the  above  interpolation  formula. 

Transmission  Lines 
Installed  capacity   150,000  kw.      300,000  kw. 

Steel  tower  line  and  right-of-way                    $1,484,700  $2,839,400 

Annual  Cost: 

Interest,  depreciation  and  taxes   $62,496  $120,492 

Operation  and  maintenance                        21,770  36,040 

Total   $84,266  $156,532 

Formulas— First  cost   $149,950  +  $8,965  per  kw. 


Capital  cost   4,450  +    0.387    a  a 

Operating  cost   7,520  +  0.095 


u  a 


Total  Annual  Cost   $11,970  +  $0,482 


«  a 
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Substation — Distribution 


Installed  capacity 


90,000  kw. 


240,000  kw. 


Substation  building,  transformers, 
switching  gear,  lightning  arresters, 

etc  


$600,000 


$1,500,000 


Capital  cost . . . 
Operating  cost. 


$33,000 
11,000 


$82,500 
22,500 


Total  Annual  Cost. 


$44,000 


$105,000 


Formula — First  cost 


$60,000  +  $  6.00  per  kw. 


Capital  cost. . . 
Operating  cost. 


$  3,300  +  $0,330  per  kw. 
4,100  +    0.077  per  kw. 


Total  Annual  Cost 


$7,400  +  $0,407  kw. 


The  above  estimates  are  based  upon  interest  at  3  per  cent  and 
coal  $1.00  per  ton.  In  the  table  below,  transmission  losses  are 
taken  at  6  per  cent  and  the  load  factor  at  100  per  cent.  The 
market  for  power  is  assumed  to  be  at  the  water  power  end  of  the 
line.  The  resulting  costs  expressed  in  terms  of  power  delivered 
to  the  distribution  system,  in  terms  of  the  derived  formulas,  are 
as  follows: 

Resulting  Formulas — 100  Per  Cent  Load  Factor 
6  Per  Cent  Losses  Added. 

Construction  Costs. 
A.    Water  Power  Plant   $5,134,000  +  $70,660  perkw. 

(1)  Steam  plant   $  876,720  +    49.297  a 

(2)  Transmission  line   149,950  -f     9.503  " 

(3)  Substation  at  W.  P.  end   60,000  -f     6.000  " 


B.  Total  for  Steam  Plant   $1,086,670  +  $64,800 

Interest  (3%)  and  Depreciation. 

C.  Water  Power  Plant   $  172,250  +  $3,501 

(1)  Basis  8%  interest,  etc   428,950  +  7.034 

(2)  Steam  plant   $    39,530  +  $2,661 

(3)  Transmission  line   4,450  +  0.410 

(4)  Substation   3,300  +  0.330 


D.   Total  Steam  Plant   $    47,280  +  $3,401 

(1)    Basis  9%  interest,  etc  $  112,480  +  $7,289 
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Operation  and  Maintenance. 

E.    Water  Power  Plant                      $  30,270  +  $1.5746 

(1)  Steam  plant                         $  53,970  +  $10.6751 

(2)  Transmission  line   7,520  +  0.1007 

(3)  Substation   4,100  +  0.0770 


P.    Total  Steam  Plant,  $1.00  coal. . . .      $65,590  +  $10.8528  " 
(2)    "       "  u     3.00     a  ....        88,910  +    26.6368  " 

The  Problems  to  be  Solved 

1.  When  the  Development  of  a  Water  Power  will  Secure 
Better  Results  than  the  Construction  of  a  Steam  Plant. 
One  of  the  first  questions  to  be  determined  in  the  de- 
velopment of  a  water  power  is  whether  or  not  it  will  pay,  and 
if  so,  whether  it  is  the  cheapest  and  best  method  of  producing 
the  power  required.  In  the  case  used  as  an  illustration,  the 
water  power  is  compared  with  a  steam  plant  of  modern  de- 
sign, located  at  the  coal  mines,  thus  reducing  the  cost  of  fuel 
to  a  minimum.  The  comparison,  therefore,  is  most  severe. 
After  the  above  described  cost  formulas  are  developed,  the 
problem  is  quickly  solved.  On  the  basis  that  the  power  is  to 
be  delivered  to  a  local  distribution  system  at  approximately 
13,000  volts  and  100  per  cent  load  factor,  the  formulas  derived 
above  become  as  follows: 

Total  annual  cost,  water  power,  $202,520  -f  $5,076  per  kw.  (C+£) 
Total  annual  cost,  steam  power,         112,870  +  14.253  per  kw.  (D+F) 

Then  the  point  of  equality  of  cost  will  be  found  as  follows: 

$202,520  +  $5,076  per  kw.  -  $112,870  +  $14,253  per  kw. 

89,650 
kw.  =  -  9.769 

That  is,  if  the  power  required  is  in  excess  of  9,769  kw.,  it  is 
better  to  develop  the  water  power  than  to  build  the  steam  plant. 

2.  When  it  is  Better  to  Construct  the  Water  Power  Than  to 
Extend  an  Existing  Steam  Plant.  If  the  steam  plant  is  al- 
ready built,  and  additional  power  is  required,  then  the 
question  arises  whether  it  is  better  to  extend  the  steam  plant  or 
to  construct  the  water  power. 

This  question  is  answered  as  follows: 
$202,520  +  $5,076  per  kw.  =$14,253  per  kw.  (C+E  =  inc.D  +  F) 

202,520 
kw.  -  -  22,068 
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That  is,  if  the  increased  power  desired  is  in  excess  of  22,068 
kw.,  it  is  better  to  construct  the  water  power  plant  than  to 
extend  the  steam  plant.  As  stations  of  large  capacity  are  here 
considered,  and  the  steam  station  is  assumed  to  be  equipped 
with  30,000-kw.  or  35,000-kw.  steam  turbines,  it  is  evident  that 
it  is  better  to  construct  the  water  power  than  to  install  an  ad- 
ditional unit  in  the  steam  station. 

As  has  been  stated,  the  estimates  used  in  this  memoran- 
dum are  based  upon  the  development  of  a  water  power  with  a 
low  head,  but  with  a  large  volume  of  water.  The  characteristic  . 
discharge  curve  for  such  a  stream,  together  with  the  potential 
power  that  can  be  developed  and  the  variations  in  head  with 
different  flows,  are  shown  in  Fig.  1.  It  will  be  noted  that,  with 
the  exception  of  but  two  or  three  days  in  the  period  of  fifteen 
years,  the  power  during  low-water  periods  does  not  drop  below 
30,000  kw.  It  is  evident  from  the  above  deductions,  therefore, 
that  the  water  power  should  be  developed  under  the  conditions 
assumed,  rather  than  that  a  steam  plant  and  transmission  system 
should  be  constructed,  or  the  steam  station  extended. 

Water  Power  with  Steam  Auxiliary 
It  has  been  found  profitable  to  develop  water  powers  much  be- 
yond the  minimum  flow  of  the  stream  when  a  market  for  the  power 
is  available.  If  there  is  no  market  immediately  at  hand,  in  many 
cases  new  industries  grow  up  and  absorb  the  power  after  such 
developments  are  made.  Under  such  circumstances,  as  the 
demand  for  power  in  any  industrial  community  constantly  in- 
creases and  the  power  must  be  supplied,  it  often  becomes  a 
serious  problem  to  determine  how  best  to  obtain  additional 
power  when  the  power  in  the  original  development  is  absorbed. 

It  is  of  importance,  therefore,  to  determine  in  advance  the 
best  water  power  development  to  make,  and  to  determine  as 
nearly  as  possible,  the  manner  in  which  increased  demands 
for  power  are  to  be  met.  There  has  been  a  tendency  quite 
general  among  bankers  and  investors  to  regard  a  water 
power  as  limited  by  the  minimum  flow,  and  to  look  with  sus- 
picion upon  the  proposition  to  include  an  auxiliary  steam  plant 
as  a  necessary  part  of  a  water  power  development.  As  a  matter 
of  fact,  practically  all  water  powers  have  auxiliary  steam  plants 
in  connection  with  them,  but,  unfortunately,  these  auxiliary 
plants  are  often  uneconomically  furnished  by  the  customers.  It 
is  much  better  engineering,  and  much  greater  economy  is  ob- 
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tained,  if  the  question  of  auxiliary  steam  plants  for  a  water 
power  is  met  boldly  and  adequate  provision  is  made  for  it  in 
the  beginning.  The  purpose  of  this  memorandum  is  to  suggest 
a  convenient  method  for  determining  with  accuracy  the  best 
development  for  a  water  power  and  the  best  combination  that 
can  be  made  with  an  auxiliary  steam  plant.  The  method  can 
be  used  also  to  determine  the  best  combination  tl^at  can  be 
made  of  existing  steam  or  other  power  plants,  and  the  manner 
in  which  all  these  factors  are  affected  by  changes  in  interest 
rates  and  the  cost  of  coal,  labor,  supplies,  etc. 

The  Most  Economical  Water  Power  Development.  In  the 
case  used  as  an  illustration,  it  is  clear  that  if  the  power 
required  exceeds  10,000  kw.,  the  water  power  should  be  de- 
veloped rather  than  a  steam  plant  constructed,  and  this 
development  can  be  carried  to  25,000  or  30,000  kw.  before  the 
question  of  an  auxiliary  steam  plant  arises.  Every  water  power 
development  should  be  so  designed  that  its  maximum  eco- 
nomical capacity  can  be  conveniently  developed  without  recon- 
struction, and  it  is  important  that  this  capacity  should  be  deter- 
mined when  the  original  designs  are  made. 

In  the  problem  used  as  an  illustration,  the  supplementary  or 
auxiliary  steam  plant  is  located  at  the  point  where  fuel  can  be 
obtained  most  economically.  The  analysis  is  based  upon 
the  annual  cost  of  production,  rather  than  upon  earnings,  for 
the  reason  that  gross  receipts  should  be  approximately  the  same, 
independently  of  the  manner  in  which  the  power  is  produced. 
We  are  concerned,  therefore,  with  the  single  matter  of  ascer- 
taining the  manner  in  which  the  power  can  be  produced  at  the 
lowest  cost. 

An  inspection  of  the  formulas  on  page  697  shows  that  they 
are  materially  different  in  the  distribution  of  costs,  and  it 
is  evident  that  the  costs  can  be  combined  so  as  to  obtain  the 
point  where  power  is  produced  at  a  minimum  cost.  The  for- 
mulas at  100  per  cent  load  factor,  3  per  cent  interest,  coal  at  $1 
per  ton,  and  with  power  delivered  to  the  low  voltage  distribution 
system,  are  as  follows: 

Water  Power:    Capital  cost,  $172,250  +  3.5010  per  kw.  (C) 

Operation,  30,270  +   1.5746  per  kw.  (E) 

Steam  Plant:     Capital  cost,  $  47,280  +  3,4010  per  kw.  (D) 

Operation,  65,590  +  10.8528  per  kw.  (F) 

As  it  is  assumed  that  the  water  power  plant  will  be  developed 
beyond  the  minimum  flow,  any  increase  in  the  installed  capacity 
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in  the  water  power  plant  will  require  a  corresponding  increase 
in  the  capacity  of  the  auxiliary  steam  plant,  so  the  increase  in 
capital  cost  in  both  plants  must  be  offset  by  the  saving  ef- 
fected, and  the  water  power  can  be  extended  until  the 
net  result  is  zero.  This  minimum  point  is  shown  at  80,000  kw. 
in  Fig.  3.  The  point  of  minimum  "cost  can  be  determined  by 
differentiation,  but  is  most  easily  obtained  by  a  direct  estimate 
of  costs  at  several  points.    This  point  of  minimum  cost,  however, 
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Fig.  3 — Loci  of  Most  Economical  Combination  of  Water  Power 
and  Steam  Plants 


is  not  the  determining  factor  in  deciding  upon  the  capacity  to 
which  a  water  power  should  be  developed. 

The  Most  Economical  Combination  Development.  When  the 
steam  plant  is  larger  than  the  water  power,  the  water  power  is 
used  to  supplement  the  steam  plant,  when  and  as  the  water  power 
is  available.  In  this  case  the  capital  charges  of  the  steam  plant 
need  not  be  considered,  and  the  increase  in  the  development  of 
the  water  power  must  be  justified  by  the  saving  in  the  operating 
costs  of  the  steam  plant,  and  the  development  of  the  water 
power  should  be  stopped  where  the  saving  resulting  from  such 
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extension  amounts  to  zero.  This  relationship  is  expressed  as 
follows: 

3.501  +  1.5746X-  10.8528*  -  0. 
X  =  =  0.378  X  365  =  138  days. 

From  flow  sheet  Fig.  1,  138  days  operation  =  80,000  kw. 

Under  the  conditions  assumed,  therefore,  the  water  power  can 
be  developed  in  connection  with  a  steam  plant  to  the  point  where 
it  utilizes  the  flow  of  the  stream  for  138  days,  which  corres- 
ponds in  the  present  case  to  the  development  of  the  water 
power  to  80,000  kw.  (See  Fig.  3.)  It  is  merely  a  coincidence 
that  the  best  points  for  the  water  power  and  for  the  combination 
plants  happen  to  be  the  same  in  this  case. 

Effect  of  Change  in  Conditions.  In  the  contemplated  construc- 
tion of  a  water  power  plant,  it  is  impossible  to  foretell  with  cer- 
tainty just  when  conditions  will  change,  and  how  much  that 
change  will  be.  Within  the  limits  of  probability,  however,  pos- 
sible changes  in  conditions  should  be  given  careful  consideration 
in  the  design  and  construction  of  the  power  plants.  The  for- 
mula method  of  solving  these  problems  permits  other  conditions 
than  those  assumed  to  be  readily  studied  and  the  power  plant 
designed  to  meet  such  possible  contingencies. 

In  the  case  here  used  as  an  illustration,  if  the  rate  for  money 
is  increased  from  3  per  cent  to  8  per  cent  for  the  water  power 
and  to  9  per  cent  for  the  steam  plant,  to  cover  interest,  taxes 
and  amortization,  and  coal  increased  in  cost  from  $1.00  per  ton 
to  $3.00  per  ton,  the  following  tables  show  the  effect  of  these 
changes  on  the  most  economical  development  for  a  water  power 
for  operation  in  combination  with  a  steam  plant  under  the  con- 
ditions assumed. 


POINTS  OP  ECONOMICAL  DEVELOPMENT 
3  per  cent.  Money;  Coal  11.00  to  13.00  per  Ton 


Water  power  and 
■team  auxiliary 

Combination  of  water 
power  and  steam  plant 

Days  of 
utilization 

Kw. 
installed 

Days  of 
max.  flow 

Kw. 
installed 

Cost  of  Coal: 

138 

80.000 

138 

80,000 

258 

60.000 

62 

100,000 
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Under  the  condition  that  interest,  taxes  and  amortization  cost 
8  per  cent  for  the  water  power  and  9  per  cent  for  the  steam  plant, 
the  points  of  economical  development  become  as  follows: 


8  per  cent,  and  9  per  cent.  Money;  Coal  11.00  to  13.00  per  Ton 


Water  power  and 
steam  auxiliary 

Combination  of  water 
power  and  steam  plant 

Days  of 
utilisation 

Kw. 
installed 

Days  of 
max.  flow 

Kw. 

installed 

Cost  of  Coal: 

365 

130.000 

276 

56.000 

3.00    ■  -  

185 

71.000 

102 

88.000 

In  the  above,  with  coal  at  $1.00  per  ton  and  money  at  8  per 
cent  and  9  per  cent,  it  is  not  financially  practicable  to  develop 
the  water  power.  In  the  other  cases  assumed,  the  development 
of  the  water  power  is  feasible  and  profitable.  These  results  are 
plotted  in  Fig.  3. 

The  cost  of  coal  will  remain  low,  as  the  contemplated  steam 
plant  is  assumed  to  be  located  immediately  at  the  coal  mines. 
The  price  of  coal  will  tend  to  rise,  however,  and  this  fact  must 
receive  consideration  in  the  design  of  the  power  plants.  The 
tendency  of  money  rates  will  probably  be  downward  as  the 
country  increases  in  wealth.  An  examination  of  the  above  tables 
and  the  curves  shown  in  Fig.  3  indicates  clearly  that,  under  the 
conditions  assumed,  the  power  plant  should  be  designed  for  an 
ultimate  extension  to  100,000  kw.,  and  that  under  the  probable 
changed  conditions,  as  stated,  it  will  not  be  advisable  to  exceed 
this  amount. 

Suggested  Special  Power  House  Design.  In  this  connection, 
although  it  is  removed  from  the  purpose  of  these  notes,  I 
wish  to  suggest  a  power  station  design  which  may  be  of  use  in 
the  development  of  water  powers  with  low  operating  heads. 
Direct-connected  water-wheel  generators  are  now  generally  used 
in  hydroelectric  developments,  but  when  the  head  is  low,  these 
generators  become  costly  on  account  of  the  low  speed  and 
the  large  volume  of  water  to  be  passed  through  them.  The 
generators  must  have  relatively  small  capacity  as  compared  to 
those  used  in  steam  practise.  Where  the  power  development  is 
large,  the  result  is  that  the  power  house  building  and  founda- 
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tions,  as  well  as  the  water  wheels  and  generators,  become  serious 
factors  in  the  cost  of  such  a  power  development.  In  the  case 
used  as  an  illustration,  the  power  station  must  be  from  one- 
quarter  to  one-half  mile  in  length,  according  to  the  size  of  the 
generating  unit  used,  and  this  is  a  serious  factor  in  the  cost  of 
development.  In  the  accompanying  drawing,  Fig.  4,  the  sug- 
gestion is  made  to  place  a  simple  protecting  building  over  the 


Fig.  4 — Cross  Section  of  Power  House — Mississippi  River  Power 
Development — Rock  Island  Rapids 

operating  room  and  to  place  the  switching  gear,  transformers, 
etc.  in  a  substation  building  on  shore,  the  power  house  being  used 
simply  as  a  generator  room.  Instead  of  building  a  high  and 
costly  structure  to  support  and  contain  the  crane,  an  external 
gantry  crane  is  used  and  the  apparatus  in  the  station  is  reached 
through  removable  transoms  in  the  roof.  This  method  of  de- 
sign greatly  reduces  the  cost  of  the  power  station  construction. 
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There  are  obvious  objections  to  reaching  the  apparatus  through 
transoms,  especially  in  bad  weather.  But  a  unit  out  of  com- 
mission is  but  a  small  proportion  of  the  total,  and  during  a  large 
part  of  the  year  there  are  many  spare  units.  It  is  believed  that 
the  reduction  in  the  cost  more  than  offsets  any  possible  incon- 
venience in  making  repairs. 

Load  Factor.  The  effect  of  a  reduction  of  the  load  factor 
below  the  100  per  cent  used  in  this  illustration  will  be  to  increase 
the  number  of  days  per  year  during  which  a  water  wheel  must  be 
operated  in  order  to  justify  its  installation.  On  the  other  hand, 
if  pondage  is  available  above  the  dam,  the  kilowatt  capacity 
which  can  be  installed  will  be  increased.  The  object  of  this 
paper  is  to  indicate  a  method  of  solution  for  such  problems, 
rather  than  to  solve  the  various  problems  connected  with  water 
power  developments.  The  necessary  changes  are  readily  made 
to  adopt  the  formulas  to  any  load  factor  desired.  The  method 
of  solution  is  then  the  same  as  has  been  used.  The  kilowatt 
capacity  curve  on  the  flow  sheet  must  be  reconstructed  to  adapt 
it  to  the  storage  capacity  which  may  be  available  above  the  dam. 

Reserves.  The  reserve  generating  units  for  obvious  reasons 
should  be  placed  in  the  steam  plant.  An  entire  spare  circuit 
should  be  provided  in  the  transmission  line  as  a  reserve,  and  a 
reserve  set  of  transformers  should  be  provided  in  the  substation. 
These  reserve  factors  will  appear  as  constants  in  the  formulas 
expressing  costs,  and  hence  do  not  enter  into  the  problem  of  the 
determination  of  the  most  economical  development  of  the  water 
power. 

Other  Uses  of  Formulas.  Formulas  such  as  have  been  shown 
can  be  developed  for  water  powers  of  high  head,  and  also  where 
storage  reservoirs  are  available.  The  capacity  that  can  be 
economically  installed  in  such  developments  is  frequently  much 
above  preconceived  conceptions.  Similar  formulas  can  be  de- 
veloped for  existing  power  plants  of  various  kinds  and  efficien- 
cies, and  one  of  the  most  satisfactory  results  of  a  study  of  the 
possible  combinations  of  such  plants  is,  that  unless  the  apparatus 
installed  in  a  plant  is  unusually  inefficient,  practically  all  plants 
have  their  economical  place  and  can  be  efficiently  used.  In 
extreme  cases,  however,  the  resulting  economy  is  negligible. 
The  formulas  can  be  used  to  determine  whether  it  is  best  to 
change  the  frequency  of  a  generator  or  to  use  frequency  changers 
to  obtain  the  desired  result;  also  whether  it  is  better  to  change 
an  inefficient  generator  for  a  more  efficient  generator  or  to  use 
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the  inefficient  generator  on  the  peak.  The  solution  of  this 
problem  gives  the  peak  the  generator  should  be  allowed  to  carry 
and  beyond  which  it  should  not  be  operated.  In  fact,  these 
formulas  can  be  used  in  determining  practically  all  questions  of 
power  house  design  and  operation  which  confront  the  designing 
and  operating  engineer.  With  the  costs  expressed  in  this  form, 
the  estimates  of  cost  at  other  load  factors  and  under  changed 
conditions  are  quickly  and  readily  made,  and  with  the  assurance 
that  they  are  correct,  for,  in  the  last  analysis,  they  are  but 
interpolation,  or  pro  rating,  formulas  obtained  from  established 
costs. 

Financial  Efficiency 
Financial  efficiency  might  be  defined  as  the  greatest  earning 
power  of  a  dollar.  This  may  or  may  not  be  a  controlling  factor 
in  a  water  power  development,  although  it  is  believed  that  as  a 
matter  of  good  policy  it  should  not  be.  It  is  conceivable,  for 
instance,  that  in  the  long  run,  it  might  serve  better  in  an  initial 
development  to  earn  10  per  cent  on  $200,000  than  to  earn  20 
per  cent  on  $100,000.  Besides,  the  excess  profit  tax  list  might 
be  the  only  beneficiary  of  the  higher  rate  of  return.  The  present 
notes,  however,  are  concerned  only  with  the  explanation  of  a 
method  to  determine  the  best  point  of  development,  although 
this  may  not  be  the  point  where  the  dividend  rate  is  the  largest 
on  the  investment.  It  determines  the  point,  however,  where 
the  enterprise  is  safe  from  competition,  for  the  reason  that  the 
cost  of  production  is  a  minimum. 

By-Product  Plants 
It  is  feasible  to  use  gas  instead  of  coal  in  the  production  of  power 
in  the  auxiliary  steam  plant.  In  most  cases  gas  can  be  burned  un- 
der boilers  with  better  results  than  in  gas  engines,  on  account  of  the 
low  cost  and  high  efficiency  of  the  modern  steam  turbine.  It  is 
now  possible  to  obtain  from  all  bituminous  coals,  whether  cok- 
ing coals  or  not,  by-products  of  great  value,  by  the  use  of  either 
producer  gas  or  coking  plants.  In  many  cases  the  sale  of  the 
by-products  will  pay  all  the  costs  of  the  by-product  plant,  in- 
cluding the  cost  of  coal.  The  gas  for  use  in  the  steam  power 
plant  will  be  a  surplus  product,  or  an  additional  profit,  which 
can  be  added  to  the  profits  of  the  enterprise.  Such  by-product 
plants  should  receive  careful  consideration  in  the  design  of  such 
a  power  system  as  is  here  described. 


1917] 


WATER  POWER  AND  STEAM  PLANTS 


707 


Conclusion 

From  the  above  results,  several  general  propositions  can  be 
laid  down  as  to  the  development  of  water  powers. 

Where  a  market  for  the  power  is  available  or  can  be  crea- 
ted, practically  all  water  powers  should  be  developed  beyond 
the  minimum  power  available,  and  hence  all  water  power  plants 
require  steam  plants  in  connection  with  them. 

Water  power  plants  are  most  valuable  when  developed 
in  connection  with  steam  plants,  and  the  development  should 
be  carried  to  the  point  where  the  best  results  can  be  obtained 
in  combination  with  such  steam  plants. 

The  point  of  economical  development  of  the  water  power 
is  increased  in  capacity  as  the  operating  costs  of  the  steam  plant 
are  increased,  such  as  are  due  to  the  increased  cost  of  fuel  and 
labor. 

The  point  of  economical  water  power  development  is  de- 
creased as  the  value  of  money  increases.  This  is  true  in  general, 
although  there  are  exceptions  in  the  case  of  water  powers  with 
high  heads. 

The  general  tendency  of  coal  and  labor  and  other  items 
entering  into  the  operating  cost  of  a  steam  plant  is  upward,  and 
as  the  world  increases  in  wealth  the  tendency  in  the  value  of 
money  will  be  downward.  These  factors  should  be  kept  in 
mind  in  planning  the  development  of  a  water  power  and  ade- 
quate provision  should  be  made  for  the  possible  extension  of 
its  capacity. 

The  increase  in  the  efficiency  of  steam  turbines  and  the 
construction  of  steam  plants  at  the  coal  mines  both  operate  to 
make  it  difficult  to  profitably  develop  water  powers,  especially 
those  with  low  head,  where  the  first  cost  is  relatively  high.  The 
development  of  all  possible  water  powers  should  be  encouraged, 
both  for  the  conservation  of  the  fuel  supply  and  the  economical 
advantage  resulting  from  the  use  of  power  in  our  industries. 
It  is,  therefore,  important  that  all  rights  essential  to  the  de- 
velopment of  water  power  and  transmission  projects  should  be 
given  power  companies,  to  the  end  that  the  cost  of  development 
should  be  reduced  and  many  serious  difficulties  now  encountered 
removed.  Any  policy  under  which  additional  burdens  are  im- 
posed upon  water  power  developments,  whether  by  the  govern- 
ment or  other  authority,  is  against  the  true  interests  of  the 
public  and  contrary  to  the  best  utilization  and  preservation  of 
our  natural  resources.    On  the  contrary,  if  a  plan  could  be 
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devised  so  that  government  funds  at  low  interest  rates  could  be 
used  for  such  developments,  similar  to  the  plan  used  in  the 
construction  of  the  New  York  subways,  the  development  of 
water  powers  would  be  greatly  facilitated  and  the  financial 
values  created  would  react  to  the  great  advantage  of  the  govern- 
ment. 
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Discussion  on  "Economical  Combination  of  Water  Power 
and  Steam  Plants  and  a  Convenient  Method  of 
Solution/'  (Putnam),  New  York,  June  28,  1917. 

H.  R.  Summerhayes:  Some  time  ago  Dr.  Steinmetz  brought 
out  the  idea  that  the  induction  generator  on  account  of  its 
simplicity  could  be  used  to  a  greater  extent  in  the  development 
of  water  power  plants  as  auxiliary  apparatus.  That  has  actually 
been  done  in  one  or  two  cases,  and  there  is  one  case  with  which 
I  am  familiar  in  the  State  of  Washington  in  which  a  1700-kw. 
induction  generator  has  been  installed  directly  connected  to  a 
water  wheel,  and  perhaps  a  mile  and  a  half  or  two  miles 
from  an  already  existing  plant  on  the  same  river  and  using  the 
same  water.  That  machine  operates  without  an  attendant, 
it  is  connected  to  a  step-up  transformer  that  feeds  into  the  same 
transmission  line,  and  they  set  the  gate  at  a  certain  point  which 
will  give  the  desired  quantity  of  water  at  that  time,  and  it  runs 
at  that  load  until  they  want  to  change.  The  patrolman  starts 
it  up  when  it  is  desired  and  then  goes  away.  The  machinery  is 
very  simple  and  operates  without  any  attendant  at  all.  There 
is  no  governor  on  it. 

The  machine  is  designed  so  that  it  will  stand  every  speed, 
including  maximum  speed,  which  it  may  attain  in  case^  the 
load  is  pulled  off,  and  I  believe  that  while  the  induction  generator 
is  not  suitable  for  all  installations  that  it  should  be  looked  into 
more  carefully  for  auxiliary  plants  of  that  sort,  as  it  is  very 
valuable  in  such  cases.  A  good  deal  of  money  can  be  saved  in 
that  way.  That  machine,  by  the  way,  has  been  found  to 
operate  without  any  synchronous  machines;  that  is  rather  a  new 
point.  When  they  start  it  up  it  runs  in  parallel  with  synchro- 
nous machines  which  supply  the  exciting  currents,  but  it  has 
been  found,  in  some  cases,  when  the  synchronous  machines  have 
been  pulled  off  the  line  by  a  momentary  short  circuit  that  the 
induction  machine  will  excite  itself  from  the  capacity  of  the 
line — there  happens  to  be  plenty  of  line  capacity — and  will  go 
on  supplying  the  load.  The  frequency,  of  course,  will  be  de- 
termined by  the  amount  of  load  in  reference  to  the  gate  opening. 

There  is  another  way  of  cheapening  a  water  power  plant. 
Mr.  Putnam  suggests  a  very  simple  construction  of  generator 
station.  Now,  it  is  possible  to  omit  the  roof  altogether  and 
make  a  generator  that  will  run  out  of  doors,  just  have  the 
generators  and  no  roof  at  all,  just  a  crane  and  possibly  a  shed 
into  which  the  crane  can  transport  parts  of  the  generator  for 
repairs.  Such  a  station  has  been  planned,  but  I  do  not  believe 
it  has  ever  been  constructed. 

H.  S.  Putnam:  It  is  not  very  generally  appreciated  that 
the  load  on  an  electric  power  system,  such  as  we  have  in  New 
York  and  most  of  the  electric  light  companies,  has  a  load 
factor  in  the  neighborhood  of  40  per  cent.  One-half  of 
the  load  is  at  a  load  factor  of  probably  10  to  15  per 
cent,  ^nd  for  every  load  of  100,000  kw.,  about  50,000  kw. 
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will  be  operated  with  a  load  factor  of  approximately  15  per 
cent  on  the  peak,  and  that  some  apparatus  in  the  station 
will  only  be  operated  for  one  or  two  hours  a  day  dur- 
ing the  Christmas  holidays.  A  water  power  plant  can  carry 
the  short  peak  much  more  economically  than  a  steam  power 
plant  can.  In  the  next  place,  the  annual  interest  on  the  capital 
investment  is  less  in  the  case  of  a  water  power  plant  than  in 
the  case  of  a  steam  power  plant,  as  shown  in  the  case  cited  of  the 
low-head  development.  The  figures  for  the  steam  power  plant  are 
given  under  "Estimated  Costs,"  and  theife  the  cost  of  the  steam 
plant  is  shown  to  be  $4.06  per  kw.  The  cost  is  shown  to  be 
$3.85  per  kw.  for  the  water  power  plant,  which  shows  that  even 
in  that  case  the  short  peak  can  be  carried  more  economically  on 
the  water  power  plant  than  on  the  steam  plant,  and  adding  to 
that  the  cost  per  kw-hr.,  for  each  kw-hr.  developed  on  that  peak, 
it  can  be  seen  that  the  water  power  plant  is  more  valuable  for 
operation  on  the  peak  than  it  would  be  to  use  the  steam  plant 
there;  in  other  words,  these  figures  show  at  once  that  wherever 
water  is  available  for  the  operation  of  a  water  power  plant, 
that  plant  is  to  be  operated  rather  than  a  steam  plant. 

In  the  case  of  the  ordinary  high-head  development,  the  cost 
of  water  power  is  greatly  reduced  per  kilowatt,  and  ordinarily 
runs  from  $1.50  to  $2.00,  instead  of  the  $3.85. 

In  general  I  want  to  add, — that  outside  of  Niagara  Falls  and 
a  few  of  the  Western  developments,  where  large  amounts  of 
power  are  available,  in  most  of  the  water  powers  in  the  East  and 
especially  those  with  low  heads,  the  main  function  of  the  water 
power  plant  is  to  save  coal.  Every  power  plant  requires  a 
reserve  capacity  to  be  installed  in  order  to  make  sure  that  the 
service  is  reliable,  and  every  water  power  plant,  when  the  water 
is  available,  should  be  operated  to  the  fullest  extent.  I  think 
the  conclusion  is,  where  there  are  reserves,  the  reserve  should  be 
in  the  steam  plant.  The  steam  plant  may  be  large  enough  to 
supplement  the  water  power  plant  at  times  of  low  water.  But 
in  times  of  flood  the  steam  plant,  to  supplement  the  water 
power,  must  be  very  close  to  the  same  size  as  the  water  power 
development,  so  that  the  reserve  steam  plant  will  equal  the 
water  power  plant  in  capacity  in  most  cases.  In  that  case  the 
steam  plant  can  carry  the  load  by  itself,  and  the  water  power  is 
used  to  produce  kilowatt  hours  for  the  economy  in  coal  and 
labor. 


Presented  at  the  332nd  Meeting  of  the  American 
Institute  of  Electrical  Engineers,  New  York, 
June  28, 1917. 
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COOLING  OF  OIL-IMMERSED  TRANSFORMER 
WINDINGS  AFTER  SHUT-DOWN 


BY  V.  M.  MONTSINGER 


Abstract  of  Paper 

The  1916  A.  I.  E.  E.  Rules  require  that  the  temperature  rise  of 
transformer  windings  be  observed  by  the  resistance  method. 
Since  the  measurement  of  resistance  usually  requires  considerable 
time,  there  is  always  a  drop  in  temperature  between  the  instant 
of  shut-down  and  the  time  of  observing  this  resistance  measure- 
ment. There  are  three  general  methods  of  determining  the 
temperature  at  shut-down.    These  are: 

1.  To  take  a  cooling  curve  and  extrapolate  back  to  the  instant 
of  shut-down. 

2.  To  use  an  arbitrary  correction. 

3.  To  calculate  the  rate  of  cooling.  The  usual  theoretical  form- 
ula for  calculating  the  cooling  of  a  body  is  not  in  a  convenient  form 
for  practical  use.  Furthermore,  the  conditions  in  a  transformer 
are  generally  such  that  it  would  be  difficult  to  apply.  However, 
it  is  shown  in  the  paper  that  the  cooling  of  oil-immersed  trans- 
former windings,  for  a  limited  time  (four  or  five  minutes)  after 
shut-down,  is  approximately  a  function  of  the  watts  per  lb.  of 
copper,  and  that  when  it  is  necessary  to  make  calculations,  more 
accurate  results  can  be  obtained  by  this  partially  empirical 
method  than  by  attempting  to  use  the  theoretical  formula. 

Under  "Conclusions'  ,  the  general  advantages  and  disadvan- 
tages of  each  method  are  given. 

In  the  Appendix  are  developed  certain  formulas  used  in  the 
paper. 


Introductory 

IT  IS  standard  practise  today  to  rate  electrical  apparatus  at 
its  maximum  continuous  capacity.  When  the  rating  is  limi- 
ted by  temperature  (as  most  transformers  are)  the  insulation  or 
some  part  of  it  is  operating  close  to  the  danger  point.  For 
this  reason,  it  is  important  to  know  more  accurately  the  average 
temperature  of  the  windings  than  it  has  been  in  the  past  when 
it  was  the  practise  to  make  the  temperature  guarantee  for  two 
different  loads;  namely,  full-load  followed  by  a  short-time  over- 
load. 

The  A.  I.  E.  E.  Standardization  Rules  recognize  three  general 
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methods  of  determining  the  temperature  of  electrical  apparatus. 
These  are: 

Method  No.  1:   Thermometer  method  (Section  No.  345). 

Method  No.  2:    Resistance  method  (Section  No.  348). 

Method  No.  3:  Embedded  temperature-detector  method 
(Section  No.  352). 

Due  to  the  fact  that  transformer  windings  are  usually  in- 
accessible for  thermometers  and  less  accessible  for  temperature 
detectors  than  are  generators,  motors,  etc.,  the  A.  I.  E.  E.  Rules 
(Section  No.  351)  specifies  that  the  temperature  of  windings  of 
transformers  is  always  to  be  ascertained  by  method  No.  2 — 
resistance  method.  However,  it  is  stated  that  in  the  applica- 
tion of  method  No.  2,  careful  thermometer  measurements  must 
also  be  made  whenever  practicable  to  increase  the  probability 
of  revealing  the  highest  observable  temperature.  The  use  of 
thermometers  in  determining  the  "hottest  spot"  in  the  windings 
of  transformers  applies  almost  exclusively  to  air-blast  or  natural 
draft  rather  than  to  oil-immersed  transformers. 

The  foot  note  to  Section  No.  348  in  the  A.  I.  E.  E.  Standardi- 
zation Rules  states: 

Whenever  a  sufficient  time  has  elapsed  between  the  instant  of  shut- 
down and  the  time  of  the  final  temperature  measurement  to  permit  the 
temperature  to  fall,  suitable  corrections  shall  be  applied,  so  as  to  obtain 
as  nearly  as  practicable  the  temperature  at  the  instant  of  shut-down. 
This  can  sometimes  be  approximately  effected  by  plotting  a  curve,  with 
temperature  readings  as  ordinates  and  times  as  abscissas,  and  extrapo- 
lating back  to  the  instant  of  shut-down.  In  other  instances,  acceptable 
correction  factors  can  be  applied.  In  transformers  of  200  kv-a.  and  less, 
the  measured  temperature  shall  be  increased  one  degree  for  every  minute 
between  the  instant  of  shut-down  and  the  time  of  the  final  temperature 
measurement,  provided  this  time  does  not  exceed  three  minutes. 

In  cases  where  successive  measurements  show  increasing  temperatures 
after  shut-down,  the  highest  value  shall  be  taken. 

In  observing  the  temperature  of  transformers  by  means  of 
change  in  resistance,  there  usually  is  a  sufficient  lapse  of  time 
to  permit  an  appreciable  drop  in  temperature.  In  practise  this 
drop  ranges  from  a  fraction  of  a  degree  to  several  degrees  per 
minute,  hence  it  becomes  highly  important  to  know  the  extent 
of  it. 

While  the  cooling-curve  method  is  fairly  reliable,  commer- 
cially it  is  not  always  practicable.  Furthermore,  it  is  desirable, 
from  the  manufacturer's  standpoint,  to  have  some  method 
whereby  for  designing  purposes,  one  can  predetermine  the  fall 
in  temperature  for  various  intervals  of  time  which  a  cooling 
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curve  does  not  give  until  after  the  machine  has  been  designed 
and  tested. 

It  is  the  purpose  of  the  writer  to  discuss  from  a  theoretical  stand- 
point the  cooling  of  oil-immersed  transformer  windings  after  load 
has  been  removed,  and  to  show  that  the  cooling  in  degrees  of  the 
average  type  of  oil-immersed  winding  for  the  first  four  or  five 
minutes  after  shut-down  is  approximately  a  function  of  the  loss 
expressed  in  terms  of  watts  per  lb.  of  copper.  In  other  words,  it 
is  shown  that  for  practical  purposes,  the  cooling  can  be  calculated 
for  a  limited  time  after  shut-down  without  considering  either  the 
thermal  capacity  of  the  insulation  or  the  initial  temperature 
rise  of  the  winding.  If  we  can  neglect  these  two  factors,  it  is 
obvious  that  the  process  of  calculating  the  cooling  is  greatly 
simplified  as  compared  with  the  usual  method  of  calculations  by 
considering  the  thermal  capacity  of  the  mass  and  its  initial 
temperature  rise. 

It  is  the  difficulty,  for  the  usual  transformer  winding  compli- 
cated by  oil  ducts,  etc.,  of  determining  accurately  the  above 
two  factors,  especially  the  initial  rise,  that  makes  it  difficult  to 
calculate  the  cooling  by  the  usual  theoretical  formula.  For 
instance,  for  a  transformer  winding  with  numerous  oil  ducts, 
the  temperature  of  the  surrounding  medium  or  ambient  temper- 
ature is  that  of  the  oil  in  the  ducts  and  of  the  oil  surrounding 
the  coil  stack.  While  the  oil  surrounding  the  coil  stack  no 
doubt  remains  fairly  constant  for  the  first  five  minutes  after 
shut-down,  the  oil  in  the  ducts  is  moving  through,  just  after 
shut-down,  at  the  same  rate  it  was  before  shut-down.  Since 
this  moving  oil  is  influenced  by  the  temperature  of  the  coils, 
and  since  the  temperature  of  the  coils  is  decreasing  after  shut- 
down, the  temperature  of  this  oil  in  the  ducts  is  also  decreasing. 

In  other  words,  if  we  consider  the  temperature  of  the  oil  in 
the  ducts  as  the  ambient  temperature,  we  have  here  a  constantly 
decreasing  ambient  temperature  which  would  be  troublesome  to 
deal  with  in  making  calculations.  On  the  other  hand,  if  we 
consider  the  oil  surrounding  the  coil  stack  (i.e.,  neglecting  that 
in  the  ducts)  as  the  ambient  temperature,  we  must  take  into 
consideration  the  thermal  capacity  of  the  oil  in  the  ducts. 
This  also  would  be  difficult  to  do  because  as  stated  above,  this 
oil  is  not  stationary.  However,  in  the  case  of  a  single  coil  im- 
mersed in  oil  where  conditions  are  not  complicated  by  oil  ducts, 
fairly  accurate  calculations  can  be  made  by  the  use  of  the  usual 
theoretical  formula. 
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Calculation  of  Cooling  by  Theoretical  Formula 
When  loss  of  heat  energy  is  proportional  to  temperature  rise 
the  cooling  of  a  body  takes  place  according  to  a  "die-away" 
curve  which  is  expressed  by  the  formula 

0<  =  do  €-*'  (1) 

in  which 

0t   =  temperature  rise  at  any  time  /  of  the  body  over  its 

ambient  temperature. 
do  =  initial  temperature  rise  or  rise  at  shut-down, 
e     =  base  of  Naperian  logarithms. 
j3    =  time  constant. 

Equation  (1)  is  based  on  the  assumption  that  the  rate  of  heat 
dissipation,  i.e.,  the  cooling,  is  proportional  to  the  temperature 
rise.  It  is  shown  later  that  this  assumption  is  not  quite  correct 
for  oil-immersed  windings,  for  the  reason  that  the  rate  of  heat 
dissipation  is  seldom  if  ever  a  direct  function  of  the  temperature 
rise.  A  formula  is  developed  in  the  Appendix  for  the  condition 
where  the  loss  of  heat  is  not  proportional  to  the  temperature 
rise,  but  equation  (1)  is  usually  accurate  enough  for  practical 
purposes. 

Equation  (1)  may  be  put  into  a  more  convenient  form  by 
changing  signs,  adding  0O  to  both  sides  and  then  putting  (0O  —  0t) 
=  d,  where  0  is  the  cooling  in  deg.  cent.    We  now  have 

0  =  Oo  (1  -  €-'<)  (2) 

Differentiating  equation  (1)  with  respect  to  time,  we  find  that 
when  /  =  0  the  time  constant  j3  is 

£  _   initial  rate  of  cooling 
initial  temperature  rise 

Initial  Rate  of  Cooling 
The  "initial  rate  of  cooling"  depends  upon  the  thermal 
capacity  of  the  body  being  cooled.  Transformer  windings  con- 
sist mainly  of  copper  and  fibrous  insulation.  The  thermal  ca- 
pacity or  energy  in  joules  required  to  raise  the  temperature  of 
copper  one  deg.  cent,  equals  the  weight  of  copper  times  the 
number  of  grams  in  one  pound  times  the  specific  heat  of  copper 
times  the  number  of  joules  in  one  calorie  =  W  X  453.6  X  0.0935 
X  4.185  =  177.5  W,  where  W  is  the  weight  in  pounds.  The 
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rate  of  heat  storage  in  copper  which  is  the  same  as  the  1  'initial 

rate  of  cooling"  in  degrees  per  minute  is  ^  *  T^i^  =  0-338  Wc 

177.0  W 

where  We  is  the  watts  per  pound  of  copper. 

The  thermal  capacity  of  most  insulating  materials  by  volume 
ranges  from  about  \  to  £  that  of  copper.  Tests  indicate  that 
for  most  impregnated  insulations  the  value  of  J  is  more  nearly 
correct.    For  an  insulated  copper  conductor  or  coil  then,  the 

initial  rate  of  cooling  =  0.338  We  A  ^°     =  0-676  a  Wc  £n  whioh 

A  +  a        A  +  a 

a  =  the  cross-sectional  area  of  the  copper  and 
A  =  the  cross-sectional  area  of  the  copper  plus  the  insulation. 
We  now  have 

0.676 
p  A  +  a 


The  above  expression,  of  course,  does  not  hold  when  the 
average  temperature  of  the  insulation  is  considerably  lower  than 
the  temperature  of  the  copper.    This  condition,  however,  sel- 
dom if  ever  exists  except  probably  for  a  few  end  turns  (exposed 
%to  line  voltage)  in  the  windings  of  a  transformer. 

Initial  Temperature  Rise 
It  has  been  shown*  that  the  temperature  rise  (same  as  "initial 
temperature  rise"  when  considering  cooling  curves  following  con- 
stant conditions)  of  a  tank  surface  in  a  gas  (air)  cooled  by  con- 
vection varies  as  the  0.8  power  of  the  loss  through  a  limited 
range  of  temperatures.  This,  or  a  similar  law,  seems  to  be 
universally  true  for  all  types  of  oil-immersed  windings,  although 
the  exponential  value  depends  to  some  extent  upon  the  thick- 
nesses of  insulation.  The  reason  for  this  is  that  the  temperature 
drop  from  copper  to  oil  is  composed  of  two  components, —  sur- 
face drop  and  drop  through  the  insulation,  the  former  of  which 
changes  more  rapidly  with  a  change  in  temperature  than  the 
latter.  (Hereafter  in  referring  to  temperature  drop  through  in- 
sulation, it  will  be  expressed  in  deg.  cent,  drop  when  there  is  a 
flow  of  one  watt  per  sq.  in.  through  a  distance  of  one  inch  of 
material.    This  is  generally  written  "deg.  per  watt  per  in.8" 


♦Trans.  A.  I.  E.  E.,  1916,  Vol.  XXXV,  Part  I,  p.  599. 
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when  considering  the  temperature  drop  through  a  definite  thick- 
ness and  "deg.  per  watt  per  in.2"  when  considering  the  temper- 
ature drop  of  a  surface.) 

Referring  to  Fig.  1,  it  will  be  noted  that  as  the  temperature 
increases  from  approximately  33  deg.  in  lower  curve  to  75 
deg.  cent,  in  upper  curve  the  surface  drop  from  insula- 
tion to  oil  decreases  from  6.7  deg.  to  4.7  deg.  per  watt 
per  in*.    Practically  the  same  decrease  is  noticed  in  the  sur- 


face drop  from  copper  to  insulation,  while  the  drop  through  the  in- 
sulation, for  a  change  in  average  temperature  from  about  38  deg. 
to  110  deg.  cent.,  is  only  decreased  from  274  deg.  to  246  deg. 
per  watt  per  in.1.  The  thickness  of  this  insulation,  72  mils 
(0.183  cm.)  is  considerably  greater  than  that  used  on  most  trans- 
former windings,  so  that  this  large  drop  through  the  insulation 
does  not  necessarily  represent  conditions  as  found  in  practise. 
The  insulation,  composed  of  0.012-in.  varnished-cambric  strips 
one-in.  in  width,  wound  on  butt  joint,  was  made  of  sufficient 


1917]        MONTSINGER:  TRANSFORMER  WINDINGS  717 


thickness  to  obtain  an  appreciable  temperature  drop.  By 
drawing  a  straight  line  through  two  internal  temperature 
points,  obtained  by  thermocouples,  the  inner  and  outer  surface 
temperatures  were  determined. 

It  is  evident,  therefore,  that  the  value  of  the  exponent  in  the 
equation  of  temperature  rise  vs.  loss,  will  be  less  when  the  greater 
portion  of  the  total  drop  is  a  surface  drop  than  when  the 
greater  portion  is  a  drop  through  insulation. 

Fig.  2  shows  the  value  of  the  exponent  (slope  of  line)  to  be 
0.7  when  the  suface  of  a  coil  is  bare,  and  0.9  when  covered 
with  six  layers  of  0.012-in.  varnished  cambric,   and  also 
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Fig.  2 — Temperature  Rise  of  Oil-Immersed  Winding 


0.9  with  nine  layers  of  varnished  cambric.  It  is  shown  later 
that  the  value  of  the  exponent  is  approximately  0.7  when  a  coil 
has  a  light  insulation  such  as  is  generally  used  in  practise. 

It  has  been  shown  by  Dr.  Langmuir*  that  the  "convection" 
of  heat  from  a  surface  in  a  gas  consists  essentially  of  conduction 
through  a  film  of  stationary  gas  0.177  in.  (0.045  cm.)  over  the 
surface.  A  stationary  film  no  doubt  exists  when  heat  energy  is 
transferred  from  a  surface  to  liquids.  Very  little,  however,  is 
known  about  this  film,  except  that  it  exists,  and  for  this  reason 

•Physical  Review  May,  1912. 

Am.  Electro  Chem.  Soc.  April,  1913. 
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we  have  to  depend  upon  experimental  observations  for  deter- 
mining its  thickness  and  its  effect  on  the  temperature  rise. 

Thickness  of  Oil  Film 
The  best  data  at  hand  indicate  that  the  thermal  resistivity 
of  transformer  oil  is  approximately  250  deg.  cent,  per  watt  per 
in.s.  Accepting  that  this  figure  is  correct  (which  may  or  may 
not  be  very  accurate)  according  to  the  surface  drops  in  Fig.  1, 
(approximately  6  deg.  per  watt  per  in.2.)  the  indications  are  that 
the  thickness  of  the  stationary  film  of  oil  is  6/250  =  0.024  in. 
(0.061  cm.)  This  value,  however,  should  be  considered  as 
merely  approximate,  since  it  may  vary  somewhat  for  different 
conditions.  Further  work  is  required  along  this  line  to  estab- 
lish more  accurate  data. 

Thermal  Resistivity  of  Insulation 
According  to  Fig.  1,  the  average  thermal  resistivity  of  the 
insulation  is  261  deg.  per  watt  per  in.1.  However,  the 
thermal  resistivity  of  insulation  as  applied  to  electrical  appa- 
ratus is  by  no  means  a  constant  value  but  may  vary  anywhere 
from  about  200  deg.  cent,  for  solid  to  500  deg.  cent,  per  watt 
per  in.*,  for  loosely  wound  insulation  containing  oil  or  air  spaces 
between  layers.  Generally  speaking,  about  250  deg.  per 
watt  per  in.1,  seems  to  be  the  value  most  commonly  found*  in 
practise  for  compact  insulation  coverings. 

Rate  of  Cooling  as  Affected  by  Thermal  Capacity  and 
by  Initial  Temperature  Rise 

It  is  obvious  from  the  form  of  equation  (2)  that  for  a  given 
initial  temperature  rise  do,  for  a  given  mass  of  copper  and  a 
given  loss,  the  greater  the  mass  of  insulation,  the  slower  will 
be  the  rate  of  cooling.  However,  it  should  be  remembered  that 
in  order  to  have  the  same  initial  temperature  rise  when  insu- 
lation is  increased,  on,  say  a  transformer  winding,  it  is  necessary 
that  the  watts  per  unit  area  exposed  to  the  cooling  medium  be 
decreased  sufficiently  to  compensate  for  the  increase  in  tem- 
perature due  to  the  added  insulation.  Otherwise  an  increased 
temperature  rise  will  result. 

Insulation  is  usually  used  in  transformer  windings,  in  two 
ways;  (1)  by  placing  it  on  individual  strands  or  conductors, 

*See  paper  and  discussion  on  Heat  Paths  in  Elec  Machinery,  Symons 
and  Walker,  British  Inst,  of  E.  E.,  November,  1911. 
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Lightly  Insulated  Coil  Heavily  Insulated  Coil 

[montsingkr] 

Fig.  3 — Coils  Used  in  Determining  Effect  of  Coil  Insulation 
on  Cooling  After  Shut-Down 

See  Figs.  4  and  5  for  Cooling  Curves 
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and  (2)  by  placing  it  on  individual  coils.  When  the  conductor 
insulation  is  increased,  although  the  watts  per  unit  area  of  sur- 
face are  decreased,  the  temperature  rise  is  generally  increased. 
When  the  coil  insulation  is  increased,  the  surface  loss  is  not 
usually  affected  and  hence  it  follows  that  the  temperature  rise 
is  always  increased. 

On  the  whole,  it  seems  fair  to  assume  that  when  insulation 
is  added  to  transformer  windings,  the  surface  loss  per  per  unit 
area  is  not  usually  reduced  sufficiently  to  neutralize  the  in- 
creased drop  established  in  the  insulation  and  an  increased 
temperature  rise  results.    Accepting  this  assumption,  it  is 


no 


0  1  2  3  4  5  6  7 

minutes  after  shutdown 

Fig.  4 — Cooling  of  Oil-Immersed  Windings  Shown  in  Fig.  3  (Average 
Oil  Approximately  55  Dbg.  Cent.) 

obvious  that  when  insulation  is  added  to  a  winding, 
(although  the  rate  of  cooling  immediately  after  shut-down 
is  decreased),  there  must  be  a  time  when  not  oirly  the  rate  but 
the  actual  cooling  in  degrees  of  this  winding  is  greater  than  that 
for  a  winding  with  a  lesser  amount  of  insulation.  This  same 
effect  is  had  when  a  transformer  has  very  complicated  oil  ducts 
of  such  a  nature  to  restrict  the  oil  circulation  and  cause  an 
increase  in  the  temperature  rise.  For  instance,  it  is  obvious 
that  for  a  given  loss  per  lb.  of  copper,  any  factor  which  makes 
it  more  difficult  for  the  coil  to  cool,  and  hence  causes  an  increase 
in  the  temperature  rise,  also  causes  the  rate  of  cooling  to  be 
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less  for  a  short  time  after  shut-down.  The  duration  of  this 
time  seems  to  be  from  one  to  three  minutes.  Finally,  it  may 
be  stated  as  follows: 

"Any  factor  or  set  of  factors  which  causes  an  increase  in  tem- 
perature rise  for  constant  conditions  y  also  causes  a  decrease  in  the 
rate  of  cooling  for  a  short  time  after  shut-down" 

Of  course,  after  a  time,  the  cooling  necessarily  becomes 
greater. 

.  For  example,  the  effect  of  increasing  the  insulation  on  a  coil 
(where  the  surface  loss  is  not  changed)  on  its  rate  of  cooling  is 
very  well  illustrated  in  Figs.  4  and  5.    These  curves  give  the 


cooling  of  two  coils  under  identical  conditions,  excepting  that 
one  had  heavy  insulation  and  the  other  light  insulation.  Both 
coils  wound  on  a  foundation  ring  or  cylinder,  40  mils  in  thickness 
and  consisted  of  0.2  X  0.055-in.  edge-wound  conductor  with  a  10.5- 
mil  cotton  covering,  and  over  both  coil  surfaces  were  wound  15 
mils  of  binding  tape..  Fifteen  to  eighteen  layers  of  0.012  in, 
v.c.  was  then  wrapped  on  both  the  inside  and  outside  surface 
of  one  coil,  while  the  other  coil  was  given  no  extra  insulation 
(see  Fig.  3).  We  might  designate  the  insulation  on  the  coils 
as  "heavy"  and  "light".  According  to  curves  in  Figs.  4  and  5 
their  cooling  is  as  follows: 
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Insulation 
on  coil 

Watts 
per 

lb.  cu. 

Approx. 
initial 
temp,  rise 

Cooling  in  deg  cent. 

1 

2 

"3 

4 

5 

6 

7  min. 

22.5 

56° 

3.6 

7.2 

10.3 

12.9 

15.2 

17.3 

19.2 

22.9 

20° 

4.9 

8  1 

10.8 

12.8 

14.1  * 

15.3 

16.0 

9.8 

33.5* 

1.8 

2.4 

4  6 

5.8 

6.9 

7.9 

8.8 

Light  

9.8 

11. 5* 

2.0 

2.4 

4.5 

5.3 

6.1 

6.7 

7.2 

The  above  shows  that  the  cooling  of  the  heavily  insulated 
coil  is  at  first  less  and  then  finally  becomes  greater  than  the 
cooling  of  the  lightly  insulated  coil.  The  cooling  of  both  coils, 
however,  is  approximately  the  same  until  four  or  five  minutes 
after  shut-down.  The  amount  of  insulation  on  the  heavily  in- 
sulated coil  is  somewhat  exaggerated  as  compared  with  practise, 
but  it  illustrates  the  point  in  mind. 

Derivation  of  Practical  Formula  for  Correcting  Back 
to  Shut-Down 

The  question,  what  is  the  rate  of  cooling  for  various  watts 
per  pound  of  copper,  naturally  arises.  This  can  be  calcu- 
lated by  the  use  of  equation  (2)  providing  the  initial 
temperature  rise  and  the  thermal  capacity  of  the  mass  is 
given  for  a  typical  coil.  As  stated  before,  the  true  initial 
rise  of  windings  over  oil  is  difficult  to  obtain  in  an 
actual  transformer,  but  can  be  determined  for  a  single  coil 
operating  under  a  condition  that  the  surrounding  oil  temperature 
can  be  observed.  According  to  the  above  reasoning,  the  cooling 
of  this  coil  for  a  given  loss  and  for  a  limited  time  should  be  ap- 
proximately the  same  when  operating  singly  as  when  operating 
in  a  group  of  coils. 

In  Fig.  6  is  shown  on  logarithmic  paper  the  temperature  rise 
for  various  watts  per  square  inch  coil  surface  obtained  by  tests 
for  constant  conditions  on  a  single  transformer  coil  immersed  in 
oil.  A  diagram  is  given  showing  the  size  of  conductor  (used  in 
the  coil)  and  its  insulation.  This  line  of  temperature  rise  vs. 
loss,  shows  that  the  temperature  rise  varies  as  the  0.705  power 
of  the  loss.  If  we  let  do  equal  the  temperature  rise  for  the  above 
referred  to  coil,  the  equation  of  the  line  is 

do  =  K  W?>™  (3) 
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in  which 

K   =  constant  =  5.2 

W,  =  watts  per  sq.  in.  of  surface  (divide  by  10). 


(0 


Side  View  Front  View 

Rectangular  Coils 


Side  View 

Disk  Coils 


pIG.  7 — Sketch  of  Windings  Used  for  Cooling  Curves  in  Figs.  8  and  9 

At  25  deg.  cent,  the  surface  loss  of  a  coil  with  rectangular  or 
square  conductors  is  expressed  by 

W.  =  3.47  PdnslQ-1  (4) 


1917] 


MONTSINCER:  TRANSFORMER  WINDINGS  723 


in  which 

W,   =  R  P  watts  per  sq.  in.  surface  (neglecting  edges  of  coil 
but  including  conductor  insulation). 

•  current  density  in  amperes  per  sq.  in. 

•  depth  of  bare  conductor  in  inches,  in  direction  of  flow 
of  heat. 

!  number  of  conductors  in  direction  of  flow  of  heat. 
:  conductor  space  factor  at  right  angles  to  flow  of  heat. 
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Fig.  8 — Cooling  of  Oil-Immersed  Disk  Windings  Shown  in  Fig.  7 


2  3  4  5 

MINUTES  AFTER  SHUTDOWN 


For  coils  with  round  conductors,  the  value  of  W,  in  (4)  is  de- 
creased in  the  ratio  of  4  to  tt,  or 

W.  -  2.725  X  10-7  C*dns  (6) 
At  25  deg.  cent,  the  R  P  watts  per  lb.  of  bare  copper  (Wc)  is 
W.  =  2.16  C*  10-«  (6) 
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Combining  equations  (3),  (4)  and  (6),  we  have 

do  =  7.27  (Wcdns)°™ 
Substituting  the  above  value  of  do  in  equation  (2) 

0.0928 -^f 

6  =  7.27  (IF.  d  n  ,)«»»  (i  _  /  <"«<"<> »™  ^ 


(7) 
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minutes  after  shutdown 

Fig.  9 — Cooling  of  Oil-Immersed  Rectangular  Windings  Shown 

in  Fig.  7 


Putting  (from  dimensions  of  conductor  in  Fig.  6) 


d  =  0.3 

n  =  1 

s  =  0.5 

a  =  0.0165 

A  =  0.038 
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and  changing  0.705  to  0.7  and  increasing  the  value  7.27  to  7.35 
(to  compensate  for  reduction  of  0.705  to  0.7),  we  have 


0  -  1.95  We07  (1  -  €-°-106  W''H) 


(8) 


012345678 
MINUTES  AFTER  SHUTDOWN 

Fig.  10 — Cooling  of  Distributing  Transformers 


in  which 

0      =  cooling  in  deg.  cent. 

W0    =  watts  per  lb.  of  bare  copper. 


68 
64 

560 

d 

g 

£56 

1 

I* 


750  Ky- M 125  Percent  U»d)  Cow  Type 

C 

yl.W 

nam 

r 

1050  Kv- a.  (35  Deg.)  Shell 

Typ 

e 

• 

<!5> 

^UDOKv-  a.  (36  Deg. )  Core  Type 

1155  Kv-a.  (35  Deg.)  Shell  Type 

t       |  ; 

!           1  1 

0  1  2  3  4  5  6  7 

minutes  after  shutdown 
Fig.  11 — Cooling  of  Air-Blast  Transformers  (Air  Shut  Off) 

at  75  deg.  cent.,  Wc  =  2.577  C2  (l  +  10^ 

e     =  eddy  current  loss  in  per  cent  of  R  T2. 
t     =  time  in  minutes  after  shut-down. 
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In  Fig.  13  are  plotted,  from  equation  (8),  the  degrees  cooling 
vs.  different  values  of  Wc  for  1,  2,  3,  4,  5,  6  and  7  minutes  after 
shut-down. 


Table  1  gives  the  variation  in  degrees  centigrade  (+or— ) 
that  these  curves  differ  from  the  cooling  found  by  tests,  on 
various  types  of  oil-immersed  windings. 
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TABLE  I. 


COMPARISON  OP  COOLING  BY  TEST  OP  OIL-IMMERSED  WINDINGS  WITH 
COOLING  CALCULATED  BY  PORMULA  (8). 


Self -or 
water-cooled 

Kv-a. 

Style  of 
winding 

Deg.  cent. 

Variation  of  test  from  calculated  cooling 

2  minutes  after 
shut-down 

4  minutes  after 
shut-down 

+ 

+ 

Self 

200 

Cyl. 

0.5 

0.8 

400 

Disk 

0.5 

0.7 

* 

1000 

Cyl. 

0 

0 

0 

0 

m 

760 

Disk 

0.5 

0.8 

Water 

3000 

Disk 

0 

0.2 

2500 

Cyl. 

0.5 

0.9 

Self 

200 

Cyl. 

0.8 

1.1 

433 

Disk 

0.5 

0.4 

400 

Disk 

0.7 

0.8 

135 

Cyl. 

0. 1 

0. 1 

750 

Disk 

0 

0 

0 

0 

Water 

450 

Disk 

0.5 

0.4 

2000 

Disk 

0.0 

0.9 

Self 

300 

Cyl. 

0.2 

0.6 

300 

Disk 

0.4 

1.0 

Water 

1000 

Disk 

0.7 

0.8 

000 

Cyl. 

0.2 

0.8 

m 

750 

Disk 

0.6 

0.7 

m 

750 

Disk 

0.2 

0 

Self 

'  1000 

Cyl. 

0.3 

0.6 

750 

Cyl. 

0.5 

0.1 

Water 

5500 

Rectangular 

0 

0 

0.5 

5500 

0.2 

0.3 

6000 

0 

0 

0.5 

6000 

« 

0.3 

0.5 

Self 

46 

Regulator 

0.5 

0.8 

62.5 

0.1 

0.2 

8.6 

0.3 

0.7 

17.25 

0.3 

0.4 

62.5 

0 

0 

0.7 

8.6 

0.2 

0.9 

46 

0.4 

0.7 

General  Conclusions 

Regarding  the  three  general  methods  of  determining  the  tem- 
perature at  the  instant  of  shut-down,  as  mentioned  in  the 
"Abstract",  the  following  may  be  said  of  each: 

1.  Cooling-Curve  Method.  Practise  has  shown  that  generally 
this  method  is  fairly  reliable.  In  some  cases,  however,  it  is 
liable  to  error,  due  to  the  difficulty  of  being  able  to  extrapolate 
back  correctly.  This  is  true  when  considerable  time  is  required 
in  obtaining  the  initial  readings  or  when  these  first  readings  are 
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influenced  by  inductance  in  the  windings.  At  any  rate,  com- 
mercially, this  method  is  not  always  practical  due  to  the  in- 
creased time  required. 

2.  Arbitrary  Correction.  The  advantages  of  this  method 
are  simplicity  and  ease  of  application.  The  disadvantage  is 
that  it  is  liable  to  error.  Generally  speaking,  for  maximum 
rated  water-cooled  transformers,  the  copper  loss  will  vary  from 
about  6  to  25  watts  per  lb.  If  an  arbitrary  correction  of  say 
2  deg.  cent,  per  minute  is  adopted,  the  following  errors  (plus  or 
minus)  are  liable  to  be  had  for  this  particular  type  of  apparatus. 


Minutes 
after 
■hut-down 

Cooling  in  deg.  cent, 
by  curves  in  Fig.  13 

Cooling  by 
arbitrary  correc- 
tion of  2  deg.  cent 
per  minute 

Max. 
error 

6  watts 
per  lb. 

25  watts 
per  lb. 

2 

2  .0  deg. 

8.0  deg. 

4  deg. 

4  deg. 

4 

3.5  deg. 

12.5  deg. 

8  deg. 

4  .5  deg. 

In  cases  where  machines  operate  on  short-time  over-loads,  or 
on  duty-cycle  operation,  the  error  would  naturally  be  greater 
than  the  above. 

Again  this  method  might  put  a  premium  on  using  high  current 
densities. 

Providing  the  time  does  not  exceed  four  minutes  after  the 
instant  of  shut-down,  the  following,  however,  seems  to  be  about 
the  general  average  rates  of  cooling  for 

(a)  Air-blast  transformers  (air  shut  off)   i  deg.  cent,  per  min. 

(b)  Distributing  transformers  (100  kv-a.  and  less)    \  41 

(c)  Self -cooled  transformers  (except  (b)  )   1§  41 

(d)  Water-cooled  transformers   2  " 

3.  Calculation  of  Cooling.  (By  formula  (8)  or  by  curves  in 
Fig.  13).  The  advantage  of  this  method  is  that  it  is  fairly 
reliable  and  simple  in  application.  In  order  to  apply  the  for- 
mula, it  is  necessary  only  to  know  the  watts  (R  P  +  eddy  loss) 
per  lb.  of  copper. 

The  disadvantage  of  this  is  that  in  order  to  apply  the  formula 
or  curves  (Fig.  13)  plotted  from  the  formula,  the  current  density 
and  eddy  loss  must  be  known,  which  cannot  be  determined  by 
test. 
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APPENDIX 

A.  — Cooling  After  Shut-Down  When  Loss  of  Heat  is 

Proportional  to  Temperature  Rise 
Assuming  that  the  cooling  is  proportional  to  temperature 
rise,  the  following  equation  results 

The  solution  of  this  is 

et  =  do*-*'  (1) 

where 

dt   =  temperature  rise  at  any  time  /  after  shut-down. 

do  —  temperature  rise  at  shut-down. 

P   =  time  constant. 
At  the  time  of  shut-down  the  rate  of  cooling  in  deg.  cent, 
per  minute  of  copper  is  0.338  Wct  where  We  is  the  watts  per 
pound.    Differentiating  (1). 

l^=00o€-<"    When*  =  o,  €-"=1 

dJl  =  0  0,  =  0.338  We 
a  t 

or  ~     0.338  We  =   initial  rate  of  cooling 

d0  initial  temperature  rise 

B.  — Cooling  After  Shut-Down  When  Loss  of  Heat  is  Not 

Proportional  to  Temperature  Rise 
For  this  condition  we  have 

*J  -  P  * 


0o-"+l  Or9*1 


=  pt  +  C 


1  —  n        1  —  n 
when  /  =  0,  0„  =  0,  &  C  =  0 

»r"+1  =  0o-"+1-  fit  (1-ff) 
Assuming  that  n  =        =  1.43  # 
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C. — Surface  Loss  op  Coil  With  Rectangular  (or  Square) 

Conductor 

Let  W9  =  Watts  per  sq.  in.  surface,  (both  sides). 
d      =  Depth  of  conductor  in  inches  (bare). 
n      =  Number  of  conductors  deep. 

p 

s      =  Space  factor  =  -=p 

P     =  Width  of  conductor  (bare)  in  inches  at  right  angles 

to  flow  of  heat. 
Pi    =  Width  of  conductor  (insulated)  in  inches. 
/      =  Current  in  amperes.  j 
C     =  Current  density  in  amperes  per  sq.  in.  =  j-p 
/      =  length  of  conductor. 

Loss  in  watts  X  s 


Now  W.  = 


Area  of  coil  in  sq.  in. 
RPXs 


2PI 

Based  on  0.6935  microhm  per  in.  cube  at  25  deg.  cent.,  resist- 
ance of  copper  (conductor)  =  QM8322  ohms  per  1000  ft. 
length.  dp 

_  TJ7  0.008322  P  s 
1  hen  W9  —   7-—  


2p  12000 
n 

Multiplying  and  dividing  by  d 

m  _  3.47  *10-7  Pdns 

=  3.47  X  10~7  Odns  (4) 

D. — Watts  per  Pound  op  Copper 
The  weight  in  pounds  of  copper  per  1000  ft. 

=  3858  X  cross  section  in  sq.  in.  -  3858  d  p. 
R  P 

Wc  =  oorn  ,    where  R  =  resistance  in  ohms  per  1000  ft. 
oooo  dp 

0.0Q8322J» 

We  =   


3858  d  p 

=  2.16  X  1(H  C2  (5) 
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Discussion  on  "Cooling  op  Oil-Immersed  Transformer 
Windings  after  Shut-Down"  (Montsinger),  New  York, 
June  28,  1917. 

A.  S.  McAllister:  The  author  speaks  of  the  difficulty  of 
obtaining  current  readings  when  attempting  to  measure  the 
resistance  of  the  windings  shortly  after  the  transformer  cools 
down,  on  account  of  the  presence  of  the  magnetic  circuit.  With 
any  given  voltage  impressed  on  the  coil  the  current  will  reach  63 
per  cent  of  its  maximum  value  in  a  time  equal  to  the  time-con- 
stant of  the  circuit.  If  the  voltage  at  the  end  of  that  time,  which 
necessarily  is  very  short,  be  immediately  reduced  from  the  initial 
value  to  63  per  cent  of  the  initial  value,  the  current  will  be 
immediately  steadied.  I  do  not  see  why  one  cannot  adjust  the 
impressed  voltage  to  give,  say  approximately  10  amperes,  and 
when  the  current  reaches  say  7  amperes,  reduce  the  voltage  to 
seven-tenths  value,  thereby  eliminating  all  delay.  There  must 
be  some  reason  why  that  is  not  done. 

V.  M.  Montsinger:  That  would  necessarily  involve  a  little 
more  trouble  in  obtaining  the  resistance  measurements  than  if 
we  simply  brought  the  current  up  to  the  100  per  cent  point  and  let 
it  become  steady  of  its  own  account.  I  have  never  tried  to  see 
whether  it  would  reduce  the  initial  inductance  if  we  brought 
the  current  up  to  100  per  cent  immediately  and  then  reduced  it  to 
exactly  63  per  cent.  In  some  cases,  however,  where  the  initial  in- 
ductance was  high,  I  have  had  the  current  brought  up  as  soon 
as  possible  to  some  value  above  the  chosen  value  for  measurement 
and  then  reduced  to  this  chosen  value,  but  in  these  cases  the 
inductance  was  so  high  that  it  took  from  one-half  to  one  minute 
for  the  curfent  to  build  up  to  say  two-thirds  of  the  final  value, 
so  that  it  does  not  seem  that  this  method  offers  a  complete  so- 
lution of  this  trouble.  I  have  found  generally  that  it  is  an  easier 
matter  to  close  the  switch  and  leave  the  current  on  about  one 
minute  before  taking  the  reading  and  then  correct  back  to  shut- 
down time  by  the  formula.  Unless  the  windings- are  for  very 
heavy  current,  with  the  time  required  for  disconnecting  and  con- 
necting on  the  resistance  leads  and  allowing  the  one  minute  for 
the  current  to  become  steady,  the  resistance  can  be  observed 
in  about  two  minutes.  In  other  cases,  however,  it  will  require 
considerably  more  than  two  minutes.  By  following  this  routine 
we  are  always  sure  that  the  measurement  is  accurate  so  far  as  the 
current  value  is  concerned,  and  for  this  reason  we  do  not  attempt 
to  hurry  it  along,  but  let  it  become  constant  of  its  own  accord. 

F.  F.  Brand:  Mr.  Montsinger's  statement  that  transformer 
windings  in  oil  do  cool  appreciably  after  shut-down  is  a  very 
important  fact,  both  for  the  manufacturer  and  purchaser.  Very 
fortunately,  Mr.  Montsinger  has  developed  a  method  which  is 
very  simple  for  the  manufacturer,  at  least,  to  apply.  It  is  a  fact 
that  in  modern  transformers,  particularly  those  of  the  artificially- 
cooled  type,  the  windings  usually  operate  at  a  fairly  high  current 
density,  and  therefore  if  it  takes  one  or  two  or  three  minutes  to 
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get  an  accurate  reading  of  the  resistance  after  shut-down,  then 
the  amount  of  cooling  which  the  winding  will  go  through  in  this 
time  is  quite  appreciable,  it  may  be  five  or  ten  degrees.  If  no 
correction  were  made,  and  a  transformer  gave  a  reading  after 
two  minutes  which  corresponded  to  55  deg.  rise,  then  actually 
that  transformer,  because  it  has  cooled  5  deg.  cent.,  is  a  60  deg. 
transformer;  that  is,  it  is  operating  at  a  higher  rise  than  the  Rules 
of  the  Institute  would  allow,  and  furthermore,  such  a  60  deg. 
transformer  should  be  4  or  5  per  cent  cheaper  than  a  55  deg. 
transformer. 

The  designer  of  the  transformer,  as  well  as  the  purchaser  is  in- 
terested in  getting  the  true  operating  temperature  at  the  time  of 
shut-down,  and  I  think  the  Institute  Rules  are  at  present  some- 
what vague  in  specifying  the  method  of  correcting  'back,  and 
not  making  the  correction  back  to  shut-down  mandatory  by 
some  approved  method.  Personally,  I  should  like  to  see  this 
method  of  Mr.  Montsinger's  given  in  Fig.  13  approved  by  the  In- 
stitute, and  I  would  like  to  see  the  correction  back  to  shut-down, 
after  the  load  is  taken  off,  made  mandatory  in  the  Rules  by 
some  approved  method. 

A.  S.  McAllister:  Assuming  that  the  cooling  curve  is  logarith- 
mic, the  time-constant  of  that  curve  can  be  found  from  any 
section  of  the  curve  whatsoever.  Taking  any  point  as  a  starting 
point,  follow  down  the  curve  to  a  point  whose  ordinate  has  a 
height  which  is  63  per  cent  of  the  height  of  the  ordinate  of  the 
starting  point.  The  distance  between  the  two  points  expressed 
in  time  is  the  time-constant  of  that  curve.  The  actual  value  is 

7  =  1"  27183  -  0632 

L.  F.  Blume  (by  letter) :  As  increasing  emphasis  is  being  laid 
upon  the  influence  of  temperature  and  temperature  rise  in  the 
determination  of  the  rating  of  electrical  machinery,  Mr.  Mont- 
singer's  paper  showing  that  an  error  of  10  per  cent  or  more  may 
be  introduced  in  the  determination  of  temperature  rise  if  care  is 
not  exercised  in  taking  the  temperature  at  the  instant  of  shut- 
down, is  worthy  of  careful  consideration.  Since  in  some  in- 
stances it  is  very  difficult  to  obtain  an  accurate  cooling  curve 
and  extrapolate  back  to  the  instant  of  shut-down,  a  formula  by 
which  the  shut-down  temperature  can  be  derived  from  an 
observed  temperature  at  a  definite  time  after  shut-down,  is  very 
desirable. 

The  difficulty  with  the  theoretical  law  of  cooling  (see  formula 
2),  is  that  it  is  expressed  in  terms  of  the  unknown  factor,  the 
initial  temperature  rise  of  the  winding  above  the  surrounding  oil 
temperature.  This  rise  is  unknown,  not  only  because  the  initial 
observable  temperature  is  unknown,  but  also  because  the 
temperature  of  the  cooling  oil  surrounding  the  winding  is  also 
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unknown.  However,  by  the  use  of  formula  7,  Mr.  Montsinger 
expresses  the  initial  temperature  rise  above  oil  in  terms  of  the 
constant  of  the  coil,  that  is,  in  terms  of  pounds  of  copper  and  the 
dimensions  of  the  winding.  This  is  quite  permissible  in  view  of 
the  fact  that  equation  2  is  a  formula  for  obtaining  a  correction 
to  an  observed  temperature,  and  considerable  approximation 
may  be  introduced  without  materially  affecting  the  accuracy  of 
the  final  results.  It  is  on  this  account  that  Mr.  Montsinger  can 
introduce  into  the  formula  the  specific  dimensions  of  an  average 
transformer  coil,  thereby  deriving  formula  8,  and  apply  this 
formula  without  great  error  to  all  kinds  of  oil-immersed  trans- 
former windings. 

The  only  objection  to  using  exclusively  the  method  proposed 
by  Mr.  Montsinger,  is  the  fact  that  its  use  requires  a  knowledge 
of  the  watts  per  pound  of  copper  lost  in  the  windings.  From  the 
point  of  view  of  the  manufacturer,  this  offers  no  difficulty,  but 
to  the  purchaser  who  wishes  to  determine  by  means  of  test,  the 
operating  characteristics  of  the  transformer  he  is  buying,  it  is 
objectionable,  because  this  value  cannot  be  obtained  by  test. 
In  the  latter  instance,  of  course,  the  only  resource  would  be  the 
extrapolation  method. 

It  is  evident,  therefore,  that  both  the. extrapolation  method 
and  the  semi-theoretical  method  given  by  Mr.  Montsinger  will 
find  useful  application  in  practise,  and  it  is  to  be  hoped  that  the 
Institute  will  see  fit  to  recognize  both  of  them  as  acceptable 
methods  of  determining  temperature  at  the  instant  of  shut-down. 

Walter  C.  Smith:  The  correction  which  Mr.  Montsinger  has 
derived,  while,  approximate,  gives  sufficiently  accurate  results 
for  all  practical  purposes,  and  it  is  easy  of  application.  He  has 
pointed  out  that  the  arbitrary  correction  method  leads  to  con- 
siderable error.  Now,  that  is  true,  and  particularly  where  high 
current  densities  are  employed,  such  as  in  water-cooled  trans- 
formers; it  also  naturally  follows  that  an  arbitrary  correction 
leads  to  error  where  the  elapsed  time  is  considerable.  In  the 
case  of  distributing  transformers,  say  200  kv-a.  and  below,  we 
rarely  have  either  of  these  conditions.  In  the  first  place,  we  do 
not  use  the  extra  high  current  densities,  and  secondly,  it  is  easy 
to  obtain  the  readings  within  one  or  two  minutes  at  the  most. 
I,  therefore,  feel  that  the  Standards  Committee  have  very  wisely 
chosen  the  arbitrary  correction  for  distributing  transformers  in 
formulating  the  present  rules.  The  arbitrary  correction  is  much 
simpler  of  application  and  is  very  accurate,  when  the  reading  is 
taken  a  minute  or  two  after  shut-down. 

Referring  to  Dr.  McAllister's  remarks,  I  will  point  out  that 
while  I  believe  his  suggestion  would  no  doubt  prove  of  value,  he 
should  consider  the  fact  that  even  though  he  cuts  the  time  of 
reading  the  instruments  down  to  practically  zero,  still  it  has  taken 
a  minute  or  two  to  make  these  connections  on  large  transformers 
with  heavy  windings.  Only  those  who  have  tried  to  accomplish 
this  really  appreciate  how  long  it  does  take  to  disconnect  the 
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heavy  leads,  put  on  the  resistance  connections  and  take  the 
proper  readings.  A  minute  or  two  on  a  high  current  density 
water-cooled  transformer  means  several  degrees  drop. 

V.  M.  Montsinger:  Replying  to  Mr.  McAllister's  point 
regarding  the  constant  in  the  logarithmic  curve.  I  agree  with 
him  that  if  we  determine  two  points  on  the  curve,  as  it  decreases, 
that  enables  us  to  determine  the  time  constant.  However,  in 
order  to  do  that,  it  is  necessary  to  take  at  least  two  points  of  a 
cooling  curve,  and  if  we  should  take  two  points,  generally,  it 
would  not  be  so  very  much  more  trouble  to  take  a  few  more 
points  and  extrapolate  back  to  shut-down  and  use  the  cooling- 
curve  method. 

There  is  one  more  point  that  I  did  not  bring  out  in  the  presen- 
tation, which  I  shall  mention  here.  If  we  plot  the  "rate  of 
cooling"  as  the  ordinates  on  logarithmic  scale,  vs.  "time," 
divided  into  equal  divisions  (semi-logarithmic  paper)  and  the 
base  temperature  does  not  change  appreciably  during  the  time 
of  cooling,  the  points,  if  observed  correctly,  fall  in  a  straight  line. 
This  method  enables  us  to  determine  more  accurately  the  true 
initial  temperature  than  by  plotting  the  "cooling  in  degrees" 
vs.  "time"  on  co-ordinate  paper.  This  is  for  the  reason  that  if 
the  first  few  points  are  erratic  or  high  on  account  of  inductance 
in  the  windings,  it  is  almost  impossible  to  extrapolate  back 
correctly  on  co-ordinate  paper,  whereas  in  using  the  semi- 
logarithmic  paper,  if  we  have  a  few  correct  points,  that  is,  enough 
to  enable  us  to  draw  a  straight  line  through  them,  it  is  an  easy 
matter  to  extrapolate  back. 


Presented  by  publication  only. 
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Abstract  of  Paper 

This  paper  contains  a  complete  mathematical  analysis  of  the 
forces  which  determine  the  location  in  space  of  a  cable  suspended 
from  points  of  equal  elevation,  and  gives  the  designer  and  con- 
structing engineer  of  a  transmission  line  some  useful  working 
formulas  based  on  this  analysis. 

Section  A  of  the  paper  covers  the  derivation  of  the  catenary 
formulas  and  contains  a  chart  from  which  any  catenary  problem 
may  be  quickly  and  accurately  solved. 

Section  B  contains  an  analysis  of  the  influences  of  changes  in 
temperature  and  cable  load,  resulting  in  formulas  by  the  aid  of 
which  the  magnitude  of  these  influences  in  regard  to  changes  in 
position  of  the  cable  and  changes  in  stresses  at  any  point  of  the 
cable  may  be  accurately  computed.  The  formulas  derived  make 
it  possible  to  plot  a  temperature-tension  stringing  chart  to  be 
used  by  the  constructing  engineer  when  stringing  the  cable  at 
various  temperatures. 

Section  C  is  an  investigation  of  the  economic  features  in- 
volved in  the  proper  design  of  the  cable  supports.  A  working 
formula  is  derived  enabling  the  designer  to  determine  the  most 
economical  span  and  corresponding  height  of  tower. 

Solutions  of  typical  design  problems  are  given  in  each  section 
of  the  paper  demonstrating  the  use  and  manipulation  of  all 
formulas  derived. 


THE  SPAN  BETWEEN  POINTS  OF  EQUAL  ELEVATION 
(A).    Mathematical  Analysis  op  the  Prerequisites  for 
Equilibrium  of  Forces  Acting  on  a  Flexible  Cable 
Only  Supported  at  Two  Points  of  the 
Same  Elevation 
The  curve  Pi  0  Pj  in  Fig.  1  represents  a  cable  suspended  from 
points  Pi  and  P*  of  equal  elevation. 

Assumptions: 

1.  The  suspended  cable  is  a  cylindrical  solid  with  all  elements 
of  outer  surface  parallel. 

2.  The  suspended  cable  is  of  uniform  texture. 

3.  The  suspended  cable  is  perfectly  flexible,  that  is,  the  inter- 
nal forces  acting  on  every  element  of  any  cross-sectional  plane 
normal  to  these  forces  are  equal  in  magnitude  and  their  lines 
of  action  parallel  to  the  axis  of  the  cable. 
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4.  No  other  external  force  besides  the  force  of  gravitation  to 
be  the  active  force  on  the  cable. 

5.  The  axis  of  the  cable  will  assume  the  form  of  a  curve 
Pi  0  P2  in  a  vertical  plane. 

Since  the  active  gravitational  forces  are  proportional  to  mass 
which  is  uniformly  distributed  along  the  axis  of  the  fcable,  and 
since  the  two  points  of  support  are  on  equal  elevation,  there 
must  exist  a  condition  of  symmetry  of  the  shape  of  the  curve 
Pi  0  Pi  with  respect  to  a  vertical  plane  midway  between  points 
Pi  and  Pi  perpendicular  to  the  straight  line  Pi  Pa.  This  plane 
will  be  selected  as  the  reference  plane  F-F.  The  point  of  maxi- 
mum deflection  of  the  cable  from  the  straight  line  Pi  P2  must 
lie  in  this  plane.  A  horizontal  plane  tangent  to  the  curve 
Pi  0  P2  at  the  point  of  maximum  deflection  is  chosen  as  the 


Y 


Fig.  1 

reference  plane  X-X.  Thus,  the  point  of  maximum  deflection 
of  the  c^ble  is  defined  as  the  origin  for  the  rectangular  coordi- 
nates x  and  y. 

Definitions  with  reference  to  Fig.  1 

/  =  half  distance  between  points  Pi  and  P2  or  half  tower 
spacing. 

S  =  half  length  of  suspended  cable  or  half  length  of  span. 
w  =  weight  per  unit  length  of  suspended  cable 
x  and  y  are  rectangular  coordinates  of  any  point  P  on  the  axis 
of  the  cable. 
5  =  length  of  curve  between  points  0  and  P 
ds,  dx  and  dy  are  increments  of  s,  x  and  y  respectively,  which 
at  the  limit  zero  will  bear  the  relation  (dx)*  +  (dy)9 
=  (ds)*. 
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H  =  tension  on  cable  at  point  of  maximum  deflection. 
T%  =  tension  on  cable  at  point  of  support  Pi. 

T  =  tension  on  cable  at  point  Pf  coordinates  x  and  y. 
T*  =  tension  on  cable  at  point  P',  coordinates  x  +  dx  and 
y  +  dy. 

a  =  angle  between  T  and  the  X  axis. 
da  =  increment  of  a  or  angle  between  T  and  T\ 

All  stresses  normal  to  the  cross-sectional  plane  at  any  point 
of  the  cable  are  considered  as  concentrated  on  the  axis  of  the 
cable  and  by  assumption  3  act  in  the  direction  of  the  tangent  to 
the  axis  at  that  point. 

Investigation 
For  equilibrium  of  half  span  (see  Fig.  1). 

7Y  =  IP  +  w1  S* 

If  the  point  of  support  were  moved  to  P  without  disturbing 
equilibrium, 

T*  =  IP  +  ufi  s* 

(1) 

For  equilibrium  of  length  ds  between  points  P  and  P'  (see 
Fig.  1), 

T  cos  a  =  T  cos  (a  +  da)  (2) 
T  sin  a  +  w  ds  =  V  sin  (a  +  da)  (S) 
At  point  P', 

(jv)2  =  jp  +  w>(s  +  ds)2  (4) 

From  the  geometric  relation  (right  angle  triangle)  of  forces 
given  by  equations  (1)  and  (4),  it  is  evident  that 

H  w  s         *     i  j  \  dx 

cos  a  =  —  ;  sin  a  =  —jr  ;  cos  (a  +  da)  =  -^j  ; 

sin  (a  +  da)  =  $L  (5) 
as 

Substituting  (4)  and  (5)  into  (2), 

H  =  [  IP  +  w>  (s  +  ds)* 

Letting  H  =  wct  where  c  is  a  constant,  and  simplifying, 

dx   c  

"ds  "  [c*  +  (*  + 
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But  if  ds  approaches  zero  as  a  limit,  at  this  limit  s  +  ds 
therefore, 

dx  c 
ds  ~  [c*  + 

By  integration, 


ds  c  [   log,  (J  +  [c*  +  J*j») 


0 


c  [log4(s  +  [c*  +  s*]»)  -  log«<;] 

c 


Equation  (6)  may  be  written 

/  =  s  +  [c*  +  s']» 

c 

Or, 

X  X 


c  sinh  — 


And  for  entire  half  span: 


S  =  c  sinh  — 


Substituting  (4)  and  (5)  into  (S), 

ws  +  wds  =  [IP  +  w*  (s  +  ds)*]*  Q 

as 

Letting  H  =  wc,  where  c  is  a  constant,  and  simplifying, 

dy  _        s  +  ds 

ds  "~  [c*  +  (s  +  <fc)*]* 

But  if  ds  approaches  zero  as  a  limit,  at  this  limit  s  +  ds 
therefore, 

ds  ~~  [c*  + 
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-JV 


y-  I         =  [>  +  **)* 


o  =[ct  +  ?]i-c  (9) 

Substituting  (7)  into  (9)  and  simplifying, 

y  =  f  [  6'  + e<  J  " c  (10) 

=  c  (cosh  —  -  1)  (11) 
c 

Equations  (10)  or  (11)  are  the  equations  of  the  catenary. 
From  equation  (1)  the  tension  along  the  axis  of  the  cable  at 
any  point  P  is 

T  =[H*  +  w*  52]* 
-  [c*  vfl  *2]* 


Hence: 


w 


By  substitution  from  equation  (8), 


—  =  ccosh  -  (12) 
w  c 

For  maximum  deflection  of  entire  span  and  maximum  tension 
at  the  point  of  support  of  the  cable,  half  the  tower  spacing  I 
must  be  substituted  for  x  in  equations  (11)  and  (12),  giving: 

IT  I 

ymax  =  c  (cosh  1) ;        mox>    =  c  cosh  — 

c  w  c 


For  preliminary  computations  of  span  characteristics  or  for 
computations  of  the  characteristics  of  relatively  short  spans 
when  maximum  precision  is  not  essential,  approximations  of  the 
above  formulas  have  found  universal  use.  These  approxima- 
tions are  obtained  as  follows: 
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From  Maclaurin's  Theorem: 


T  X  3C*  JC*  X4 

<  =,  +  y  +  J72  +  ^T3  +  cr74+' 


-    c     _    i  *      I        ^    ^  I 


From  the  above  series: 


X_  Jt_ 

X         ft   €  ^  X  X?  3&  jc' 

sinh7  2  T  +  ^73  +  ^75  +  cV7+--  -  <13) 


Since  in  practical  line  design  the  ratio  x  -s-  c  is  less  than  unity, 

fL  — — 

the  terms  ec  and  €  c  form,  when  expanded,  a  rapidly  converging 
series  of  which  the  sum  of  the  first  terms  may  be  assumed  to 
represent  the  sum  of  all  terms  in  the  series  with  sufficient  ac- 
curacy. 

Substituting  the  first  two  terms  of  (IS)  into  (8)  gives 

*  =  *+64  (15) 

Substituting  the  first  two  terms  of  (14)  into  (11)  gives 


y  =  £  (16) 

Substituting  the  first  two  terms  of  (14)  into  (12)  gives 


Equation  (16)  is  the  equation  of  the  parabola. 
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The  catenary  equation  (10)  in  its  exponential  form  may 
seem  very  complex  as  compared  with  the  equation  of  the  para- 
bola (16),  and  for  that  reason  the  parabolic  forms  have  found 
great  favor  in  designs  which  do  not  require  extreme  accuracy. 
However,  the  reluctance  with  which  the  practical  engineer  calls 
to  his  aid  the  catenary  equations  is  entirely  unwarranted  for 
the  reason  that  the  exponential  form  may  be  converted  into  its 
equivalent  expressed  in  hyperbolic  functions  by  equation  (11). 
A  person,  equally  versatile  in  the  use  of  hyperbolic  functions  or 
elementary  algebra  will  undoubtedly  make  a  choice  in  favor  of 
equations  (8),  (11)  and  (12)  where  every  possible  variable 
appears  without  exponents,  rather  than  choosing  equations  (16), 
(16)  and  (17)  where  x  appears  with  exponents  ranging  between 
one  and  three.  It  would  be  absurd  to  use  cumbersome  equations 
resulting  in  approximations  of  actual  conditions,  if  relatively 
simpler  forms  are  available  which  yield  correct  results. 

.  In  the  following  analysis  the  catenary  equations  will  be  used 
exclusively. 

Summary 

The  length  of  cable  suspended  between  the  point  of  maximum 
deflection  and  any  point  of  support  P  is,  by  equation  (8) 

s  =  c  sinh  — 
c 

The  maximum  deflection  of  a  suspended  cable  measured  with 
reference  to  the  elevation  of  any  point  of  support  P  is,  by 
equation  (11) 

y  =  c  ^  cosh      -  1  ^ 

The  tension  per  w  units  weight  of  unit  length  of  cable  acting 
along  the  axis  of  the  cable  at  any  point  of  support  P  is,  by 
equation  (12) 

—  =  c  cosh  — 
w  c 

In  the  above  three  equations 

x  =  projection  upon  a  horizontal  plane  of  the  distance  be- 
tween the  point  of  maximum  deflection  and  point  P. 
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c  =  length  of  cable  upon  which  gravitation  acts  with  a  force 
equal  to  the  tension  H  at  the  point  of  maximum 
deflection. 

T  =  tension  at  point  of  support  P    )  expressed  in  the  same 
w  =  weight  per  unit  length  of  cable  )  unit. 
x,  y,  s  and  c  are  all  expressed  in  the  same  linear  unit,  which 
must  also  be  the  same  as  that  used  in  connection  with  w. 

Solution  of  Problems.    These  last  three  equations  show  the 


Chart  I 


concepts  s,  y  and  T  w  to  be  hyperbolic  functions  of  x  and  c 
so  that  their  magnitudes  could  be  computed  directly  if  both  x 
and  c  were  the  given  quantities  in  a  problem  of  span  design. 
Usually,  however,  c  is  not  given  since  it  is  in  reality  a  more  or 
less  fictitious  concept  and  the  solution  of  span  problems,  with 
any  two  of  the  remaining  concepts  given,  is  accomplished  by 
trial  methods. 

In  order  to  avoid  the  loss  of  time  incurred  by  such  methods, 
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Chart  I  has  been  devised  from  which,  with  any  two  of  the  five 
concepts  given,  the  remaining  three  may  be  found  at  once.  The 
chart  is  laid  out  on  the  basis  of  the  decimal  system  to  permit  of 
easy  interpolation.  The  concepts  x  and  ct  which  form  the 
hyperbolic  argument,  are  the  abscissas  and  ordinates,  respectively, 
of  the  5,  y  and  T  +  w  curves. 

Interpolation  on  Chart  I.  It  can  be  easily  demonstrated  that 
any  straight  line  passing  through  the  origin  (point  0)  must  be 
divided  into  intercepts  of  equal  length  by  a  set  of  hyperbolic 
curves  the  indices  of  which  vary  in  arithmetic  progression.  For 
instance,  the  curves  indexed  y  =  0.1,  y  —  0.2,  y  =  0.3. .  .y  =*  0.9, 
y  =  1.0  have  indices  which  increase  progressively  by  0.1,  and 
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in  consequence  any  straight  line  passing  through  the  origin  will 
be  divided  by  these  ten  curves  into  ten  equal  intercepts.  It 
follows,  then,  that  if  each  ihtercept  of  this  straight  line  were 
again  divided  into  ten  equal  lengths,  the  division  points  would 
be  points  on  the  curves  y  =  0.01,  y  =  0.02,  y  =  0.03. .  .y  =  0.99, 
y  =  1.00.  The  same  reasoning  holds  true  for  interpolation 
between  the  curves  y  =  1,  y  =  2,  y  =  3,  y  =  4,. .  .y  =  9, 
y  =  10,  and  of  the  last  set  y  =  10,  y  =  20,  y  =  30,  y  =  40, 

 y  =  90,  y  =  100.    Similarly  this  system  of  interpolation  is 

correct  for  the  s  and  T  +  w  curves. 

In  order  to  be  able  to  accomplish  quick  and  accurate  decimal 
subdivision  of  any  length  of  line,  it  is  suggested  to  trace  Fig.  2 
on  transparent  cloth  or  paper  for  use  on  Chart  I.   Any  one  of 
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For  the  average  tension  along  the  axis  of  the  cable  the  above 
expression  for  the  tension  at  any  point  must  be  integrated  be- 
tween the  limits  0  and  s  and  the  result  divided  by  5.  Hence; 
the  average  tension  is 

av.  T  =*  —  (  [c2  +  5*]*  ds 

'V 

-  tT  ii(,+s'i'  +-f-l0&<s  +  [e,+s'1,)] 

0 

*  ~f  [  i [dt  +  w  +  4 log<  —y  lQg« c  ] 

-  -=-(£•[*  +  -V  +  4  **'  +  ["e+**)  (18) 
But  by  substitutions  from  equations  (6)  and  (9),  (18)  becomes: 

av  r  -  t  \y  + c  +  —  J 


But  from  (8), 


s  =  c  sinh  — 


and  from  (11), 

y  «  c  ^  cosh     —  1^ 


Therefore, 


av.r=-|-rccosh^  +  -^Tl 

L  sinh  —  J 

c 


cw 
2 


x 

cosh  j  +  — C—  (19) 
L  sinh  —  J 
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or, 

r-  x 

av.  T 


w 


(20) 


Here  it  is  shown  again  that  the  ratio  of  the  average  tension 
on  a  suspended  cable  to  its  weight  per  unit  length  is  a  hyper- 
bolic function  of  x  and  c. 

Attention  is  here  called  to  the  similarity  of  equations  (12)  and 
(20).    For  all  positive  magnitudes  x  and  ct 


c  < 


JC 

4r    cosh  —  H   <  c  cosh  — 

2  I        c       sinh  ^  J 
c 


However,  the  smaller  the  value  x,  the  more  equal  will  be  the 
above  expressions  until 


limii 
x 


x 

mit  (  c  -  x 

—  n)  c  =  ~FT  \   COSh  I  =  C  COSh  — 


At  this  limit,  then 

cw  =  av.  T  =  T 

But  cw  =  H  =*  tension  at  the  point  of  maximum  deflection. 

A  very  close  approximation  to  formula  (19)  is  obtained  by 
using  the  average  between  the  tension  at  the  point  of  support 
and  the  tension  at  the  point  of  maximum  deflection: 


cw  cosh  ~  +  cw 


 T  [  00811 T  + 


(B).   Effect  of  Changes  in  Temperature  on  the  Catenary 
Described  by  a  Cable  Suspended  Between  Two 
Fixed  Points  of  the  Same  Elevation 
In  the  preceding  investigation  the  concept  w  (weight  per  unit 
length  of  cable)  has  been  treated  as  a  constant  for  a  given  cable. 
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Since,  however,  w  is  a  function,  not  only  of  the  material  compo- 
sition of  the  cable,  but  also  a  function  of  the  temperature  of 
the  cable  and  the  tension  acting  on  it,  the  same  cable  suspended 
from  two  fixed  points  may  describe  as  many  different  catenaries 
as  there  are  different  possible  magnitudes  of  w. 

In  practical  engineering  the  cable  is  strung  at  a  given  tension 
and  permanently  fastened  at  the  points  of  support.  This  fixes, 
once  for  all,  the  amount  of  mass  of  cable  between  the  two  points. 
How  this  mass  arranges  itself  in  space  under  conditions  different 
from  those  existing  at  the  time  of  stringing  will  be  shown  in  the 
following  investigation. 

Influence  of  Changes  in  Temperature.  Within  a  certain  range 
of  temperature  a  given  unit  length  of  cable  will  change  its  three 
dimensions  practically  in  direct  proportion  to  the  magnitude  of 
the  temperature  change.  This  range  more  than  covers  the  most 
extreme  weather  conditions  recorded,  and  in  consequence  the 
designer  of  practical  spans  may  use  the  formula 

st  =  soil  +a[t-  to])  (21) 

where 

s0  =  length  of  cable  at  any  given  initial  temperature. 
st  =  length  of  cable  at  final  temperature. 
to  =  initial  temperature. 
/  =  final  temperature 

a  =  coefficient  of  expansion,  characteristic  of  the  material 
composition  of  the  cable. 

Not  only  the  length  of  the  cable  but  also  its  cross-sectional 
area  changes  in  accordance  with  the  same  law,  so  that 

At  =  A0(l  +  a[t-  to])*  (22) 

where 

A0  =  cross-sectional  area  of  cable  at  initial  temperature. 
A  =  cross-sectional  area  of  cable  after  the  temperature  has 
changed  /  —  to  degrees. 

The  total  mass  of  a  cable  suspended  between  two  fixed  points 
is  constant  and  independent  of  temperature,  whereas  the  length 
of  the  cable  changes  with  the  temperature.  Therefore,  the 
weight  per  unit  length  of  the  cable  must  change  in  inverse 
proportion  to  the  length  of  the  cable,  that  is, 
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where 

wo  =  weight  per  unit  length  of  cable  at  initial  temperature. 
wt  =  weight  per  unit  length  of  cable  after  the  temperature  has 
changed  /  —  tQ  degrees. 

Influence  of  Change  in  Tension.  If  the  tension  at  any  point 
of  the  catenary  were  proportional  to  the  product  of  s  and  w,  a 
change  in  temperature  would  not  affect  this  tension,  but  accord- 
ing to  equation  (12) 

T  =  wc  cosh  — 
c 

whereas,  according  to  (8) 

s  =  c  sinh  — 
c 

Hence,  a  change  in  length  of  cable  caused  by  a  change  in 
temperature  is  accompanied  by  a  change  in  tension  at  every 
point  of  the  catenary.    However,  the  condition 

T  =  wc  cosh  — 
c 

is  always  realized  during  each  minute  step  in  this  change,  the 
only  constant  in  the  equation  being  x,  while  all  other  terms 
change  according  to  definite  laws. 

Within  a  certain  range  of  stresses,  the  limits  of  which  the 
stresses  in  a  well  designed  line  should  not  exceed,  the  strain  of 
the  cable  is  practically  proportional  to  the  stress.  This  charac- 
teristic of  the  cable  is  described  by  the  formula 

where 

s0  =  length  of  cable  under  initial  tension. 
5T  =  length  of  cable  under  final  tension. 
T0  =  initial  tension. 
T  =  final  tension. 
A  =  cross-sectional  area  of  cable. 

E  =  modulus  of  elasticity ,  characteristic  of  the  material  compo- 
sition of  the  cable. 
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The  above  formula,  however,  does  not  take  into  account  the 
change  in  cross-sectional  area  of  the  cable  with  the  change  in 
tension  from  7^  to  T.  Since  at  constant  temperature  the  volume 
of  the  cable  remains  constant,  an  increase  or  decrease  in  length, 
caused  by  a  change  in  tension  on  the  cable,  is  accompanied  by 
a  proportional  decrease  or  increase,  respectively,  of  the  cross- 
sectional  area  of  the  cable.  The  concept  A  should  be  understood 
to  represent  the  average  cross-sectional  area  of  the  cable  as  its 
length  changes  from  T0  to  T.    Or,  if 

A0  =  cross-sectional  area  of  cable  under  initial  tension, 
A  j  =  cross-sectional  area  of  cable  under  final  tension, 

.     Aq  +  At 

A  — — 

Equation  (24)  would  then  become 

In  order  to  simplify  equation  (25)  for  future  use,  an  approxi- 
mation 


will  be  substituted  which  is  more  accurate  than  equation  (24), 
but  which  does  not  describe  conditions  quite  as  precisely  as  (25). 

If  the  strain  is  proportional  to  the  stress,  the  total  change 
in  the  length  of  a  suspended  cable  is  proportional  to  the  change 
in  average  tension  along  the  cable,  or 

tt  av.  T0  av.  T\ 
1  ~  £Z7  +  ~EAt) 

where 

av.  T^o  =  initial  average  tension, 
av.  T  =  final  average  tension. 

The  relation 

SqAq  =  sT  At 

expresses  the  constancy  of  volume  of  the  cable  subjected  to 
different  tensions  av.  To  and  av.  T. 


(27) 


(28) 
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Although  a  change  in  tension  produces  a  deformation  of  the 
cable,  its  total  mass  remains  the  same  and,  in  consequence  its 
weight  per  unit  length  must  change  in  inyerse  proportion  to  the 
length  of  the  cable,  that  is, 


(29) 


Sn  __  Wi_ 
ST  Wo 

where 

Wo  =  weight  per  unit  length  of  cable  under  av.  7V 
w-i  =  weight  per  unit  length  of  cable  under  av.  T. 

Influence  of  Ice  and  Wind  Loading.  Usually  the  gravitational 
forces  acting  on  a  suspended  cable  by  virtue  of  its  mass  are 
augmented  by  a  layer  of  ice  on  the  cable  at  low  temperatures 
and  by  the  action  of  wind  on  the  cable  at  all  temperatures. 
The  ice  loading  simply  increases  w  which  is  a  vertical  downward 
force,  whereas  the  wind  pressure  acts  horizontally  deflecting  the 
cable  from  its  position  in  a  vertical  plane  to  another  position 
in  a  plane  inclined  to  the  vertical  at  an  angle  whose  tangent  is 


w  +  i 

where 

i  =  weight  of  ice  per  unit  length  of  cable.   \  expressed  in  the 
,    p  =  wind  pressure  exerted  on  unit  length   \    same  unit, 
cable  with  ice  coating.  J 

The  resultant  force  per  unit  length  of  the  cable  acting  down- 
ward in  the  deflected  plane  is 

wl  =  l(w  +  i)*  +  p2]*  (30) 

or  the  catenary  described  by  the  cable  in  an  inclined  plane  under 
the  influence  of  ice  and  wind  loading  is  equivalent  to  a  catenary 
described  in  a  vertical  plane  by  a  cable  whose  weight  per  unit 
length  is  wx. 

With  the  knowledge  of  the  influences  which  may  act  on  a 
suspended  cable  in  all  climatic  conditions,  and  with  the  knowl- 
edge of  the  laws  which  govern  the  response  of  the  suspended 
cable  to  these  influences,  all  possible  catenaries  described  by  the 
cable  can  be  mathematically  expressed. 

Let  it  be  required  to  find  all  possible  catenaries  that  can  be 
described  by  a  cable,  the  characteristics  of  which  are  specified 
by  the  manufacturer  as  follows: 
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Weight  per  unit  length  free  from  stress     =  w  )  measured  at 

Cross-sectional  area  free  from  stress          =  A  )  temperature  / 

Modulus  of  elasticity    =  E 

Coefficient  of  expansion   =  a 

Maximum  safe  stress  on  cable  =  rma* 

Investigation  of  the  records,  furnished  by  the  weather  bureau 
located  near  the  place  where  the  cable  is  to  be  suspended,  shows: 

Minimum  observed  temperature. ...  =  t\ 

Maximum  observed  temperature        =  /4 

Maximum  observed  wind  pressure. .  =  v  units  per  unit  area 

normal  to  direction  of 

wind. 

I.    Catenary  Covering  Conditions  at  Minimum  Temper- 
ature; Cable  Under  Ice  Loading  and  Wind  Pressure 

Note:  All  concepts,  characteristic  of  conditions  specified  in  the  head- 
ing of  this  section  will  appear  with  the  subscript  1. 

The  maximum  stress  acts  on  the  cable  at  the  point  of  support, 
when  the  temperature  is  a  minimum,  and  when  at  the  same 
time  the  cable  carries  its  maximum  ice  and  wind  load.  From 
equation  (12)  this  maximum  stress  is 

max  Ti  =  Wi  cx  cosh  —  (31) 

Cl 

The  magnitude  max  7\  in  equation  (31)  is  given  in  the  speci- 
fications and  the  equation  could  be  solved  for  any  argument 
x  -s-  Ci  if  W\  were  known.  The  magnitude  of  wu  is  determined 
as  follows: 

Due  to  a  change  in  temperature  from  /  to  /i,  w  changes  accord- 
ing to  equations  (21)  and  (23)  to 

*  -  r^F^i  (S2) 

At  the  same  time  the  cross-sectional  area  A  changes  according 
to  equation  (22)  to 

A'  =  A  (1-  <*[/-  h]y  (33) 

Now  let  it  be  assumed  that  the  cable  receives  its  ice  loading 
and  is  strung  under  a  wind  pressure  v  so  that  the  tension  at  the 
point  of  support  is  max7Y  On  account  of  this  tension  the  weight 
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per  unit  length  again  changes  according  to  equations  (27)  and 
(29)  to 

(34) 


l  +  av-ri 


EAi 
where 

av.  T\  =  average  tension  along  span  corresponding  to  max  7\ 
at  point  of  support. 

In  order  to  simplify  computations  for  vf  the  ratio  max  T\  -5-  EA 1 
will  be  substituted  for  the  ratio  av.  T\  -5-  EA  \  inequation  (34). 
max  Ti  and  A '  are  both  slightly  greater  than  av.  7\  and  A  i,  respec- 
tively, however,  their  ratios  are  practically  identical.  In  the 
case  of  very  long  spans  this  approximation  would  slightly  in- 
crease the  factor  of  safety  for  cable  stress,  which  is  a  desirable 
feature.    Equation  (34)  is  changed  to 


1  +  max  r*  (35) 
A^  EA' 


From  equations  (28)  and  (29) 


A>  =  W^  (36) 


Let  the  thickness  of  the  layer  of  ice  be  a  all  around  the  cable, 
then  the  volume  of  ice  per  unit  length  of  cable  is 

-H*  [40' +*•)*-'-»  (°+2[tT) 

and  the  weight  of  ice  per  unit  length  of  cable  is 

i  =  uira(a  +  2  \~^)  (37) 

where 

u  =  weight  per  unit  volume  of  ice. 

The  maximum  force  exerted  by  the  wind  on  unit  length  of 
cable  with  ice  envelope  is 

£  =  2*(a+[^]*)  (38) 
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With  a  given  wind  velocity  the  wind  pressure  acting  on  a 
cylindrical  body  of  unit  length  is  here  assumed  to  be  the  same 
as  the  wind  pressure  acting  on  a  rectangular  plane  of  unit 
length  and  of  width  equal  to  the  diameter  of  the  cylindrical 
body,  provided  that  the  inclination  to  the  direction  of  the  wind 
of  the  axis  of  the  cylinder  is  the  same  as  that  of  the  plane  of 
the  rectangular  surface.  The  result  of  the  slight  error  in  this 
assumption  is  an  increase  in  the  factor  of  safety  for  cable  stress. 

The  resultant,  equivalent  weight  per  unit  length  of  catenary 
in  an  inclined  plane  is,  according  to  equation  (30) 

wx  -  \{vf  +  %Y  +  p*]i  (39) 

where,  from  equations  (32),  (33)  and  (35), 


W      EA(l-a[i-ti])*  +  maxTi  {  } 

and  from  equations  (33),  (35),  (36)  and  (37), 

i  =  u  x  a  £a  +  2A  (1  -  a  [/  -  /J)2 

(  x  [E  A  (1  -  a  [/-  /,])'  +  max  7\]  )*]  (41) 

and  similarly: 
p  =  2v  £a  +  A  (1  -  a  [/  -  h])* 

(  xIE^a-afe-^D'  +  maxfJ  )  ]  (42) 

The  actual  average  cross-sectional  area  of  the  cable,  not  in- 
cluding ice  covering,  is  from  equations  (33),  (35)  and  (36), 

Al~  EA{\-a[t-h  ])'+  maxn  K%6) 

Equation  (31)  can  now  be  solved  for  any  argument  x  -5-  d 
since  max  T\  and  W\  are  given  in  terms  of  the  manufacturer's 
specification  and  in  terms  of  the  minimum  temperature  and 
maximum  wind  pressure. 


EA  (1-  «[/-  ti]) 
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Equations  (41)  and  (42)  seeqi  rather  elaborate  in  view  of  the 
arbitrary  assumption  of  the  thickness  of  the  ice  envelope,  but 
for  the  sake  of  accurate  comparisons  between  the  characteris- 
tics of  cables  of  different  size  or  material,  exactly  the  same  as- 
sumptions, however  arbitrary  they  may  be,  should  hold  for  all 
cables  to  be  compared.  So,  if  it  is  not  a  question  as  to  what 
kind  of  a  cable  to  use  for  certain  span  requirements,  the  ap- 
plication of  approximations  which  greatly  simplify  equations 
(41)  and  (42)  is  justified.  The  substitution  of  A  for  A  i  in  these 
two  equations  would  yield  a  permissible  approximation  in  the 
form  of  the  simplest  expressions  for  i  and  p. 
From  equation  (8) 

si  =  Ci  sinh  —  (44) 
and  from  equation  (11) 

yi  =  C\  ^cosh    —  1^  (45) 

Equations  (31),  (44)  and  (45)  completely  describe  the  catenary 
for  minimum  temperature  with  wind  and  ice  loading. 

II.    Catenaries  Covering  Conditions  From  Minimum  Temp- 
erature to  the  Freezing  Point;  Cable  Under  Ice 
Loading  and  Wind  Pressure 
Note:    All  concepts  characteristic  of  the  range  of  conditions  speci- 
fied in  the  heading  of  this  section  will  appear  with  the  subscript  2. 

It  is  assumed  that  the  total  weight  of  the  suspended  cable 
remains  constant  as  the  temperature  increases  from  t\  to  the 
freezing  point  /2.  At  the  freezing  point  it  is  assumed  that  no 
wind  is  blowing,  that,  however,  on  account  of  the  calmness  of 
the  atmosphere  a  greater  accumulation  of  snow  on  the  cable  is 
possible,  resulting  in  the  same  total  weight  of  the  cable.  At 
the  freezing  point,  then,  the  catenary  lies  in  a  vertical  plane. 

Let  the  temperature  change  from  t\  to  /*  without  a  change  in 
tension  and  wit  then,  according  to  equation  (21),  Si  changes  to 

Sl'  =  Sl  (1  +  a  [h  -  /i])  (46) 

and,  according  to  equation  (22), 

Ax'  -AUl  +  a[h-h})*        •  («) 

On  account  of  the  change  in  temperature  the  average  tension 
at  temperature  t\  (av.  7\)  changes  to  the  average  tension  at  temp- 
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III.    Catenaries   Covering   Conditions   From  Minimum 
Temperature  to  Maximum  Temperature;  Cable 
Not  Subjected  to  Either  Wind  or 
Ice  Loading 

Note:  All  concepts  characteristic  of  the  range  of  conditions  speci- 
fied in  the  heading  of  this  section  will  appear  with  the  subscript  J 
for  the  catenary  at  the  minimum  temperature  and  with  the  subscript 
4  for  all  other  catenaries. 

It  is  now  assumed  that  at  the  minimum  temperature  ti  the 
ice  and  wind  load  is  removed  from  the  suspended  cable,  thereby 
changing  the  total  weight  of  the  span  from  Wi  S\  to  w%  s3.  Un- 
der ice  and  wind  loading  the  total  equivalent  weight  of  the 
cable  is  wx  su  while  the  total  weight  of  the  cable  alone  is  w*  S\ 
which  is  the  total  mass  of  metal  suspended  between  the  points  of 
support.    Since  the  total  mass  of  the  cable  does  not  change, 

sz  w3  =  si  vf  (55) 
The  average  tension  under  ice  and  wind  loading  was 


av.r1  =  ^rCosh^+_£Lir] 
2   L        Cl  sinh^-J 

Ci 

but  has  now  changed  to 

x 

av.  r,  =  £ip  [cosh       +  -^-1  (56) 

The  change  in  tension  produces  a  change  in  length  of  cable 
from  5i  to  5S.  Expressing  this  change  in  length  as  per  equation 
(27): 

(,     av.  Ti    ,  av.  Tt  \ 
1-eaT  +  -ea7)  (57) 

From  equation(8), 

Sz  =  cz  sinh  —  (58) 
c% 

Although  the  cable  changes  its  length,  its  volume  remains 
constant,  or, 

SiAi  =  stAt  (59) 
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Substituting  from  equations  (51),  (55),  (56),  (58)  and  (59) 
into  (57)  an$i  dividing  both  sides  of  the  equation  by  x,  gives: 


sinh 


x  x 
h  —  r  cosh  —  .  n 

x  x      2EA1[     ±  +sinhJLJ 

C%  C\  C\ 

S\ vf  rcoshir  ,    i  1 

+  2BAt[  +ginhJLJ 

(60) 

Equation  (60)  describes  the  characteristics  of  the  catenary  at 
minimum  temperature  without  either  wind  or  ice  loading.  All 
other  catenaries  for  higher  temperatures  may  be  found  by  the 
use  of  equation  (54)  which  is  also  based  on  the  assumption  that 
the  total  weight  of  the  suspended  cable  is  constant  irrespective 
of  changes  in  temperature  and  tension.  Substituting  for  S\,  wu 
A  i  and  c%  in  equation(64)  the  values  S3,  Wz,  A  3  and  c4,  respectively, 
which  are  found  by  the  solution  of  equation  (60),  equation  (64) 
changes  to 

sinh-^- 


x_ 


[cosh  —  t  "] 


Cz  Cz 
X 


(cosh  —         -  "I 
±        sinh  JL  J 


Ca  ca 

(61) 

According  to  the  reasoning  outlined  by  equations  (52)  and  (53), 


Wz  _  w 
Az  ~  Ai 


4 
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which,  if  substituted  into  equation  (61)  simplifies  this  equation 
to  the  form 


sinh  — 
Ca 


x 

~A 


„  rcosh—  "I 

» (1+a[,,-„i)  -2EAt  ^  ^_&+^_  j 


,  rcosh—        i  n 

Ji(l+a[<«-/JM      x  ^sinh-^- 
L    cT  «  J 


X 


2EA 


Ca 
(62) 


The  concept  tA  covers  the  range  from  the  minimum  to  the 
maximum  temperature. 

In  the  design  of  a  practical  span  the  engineer  must  guarantee, 
first,  that  the  suspended  cable  will  not  break  under  the  influence 
of  the  most  severe  weather  conditions  recorded  in  the  locality 
where  the  span  is  to  be  installed  and,  secondly,  that  the  clearance 
of  the  cable  from  the  ground  or  from  a  given  reference  plane 
will  never  be  less  than  a  given,  permissible  magnitude;  provided 
that  the  extremes  of  the  climate  recorded  for  the  past  of  the 
locality  in  question  are  not  exceeded  in  the  future. 

The  first  mentioned  requirement  is  met  by  the  use  of  equation 
(31),  if  for  max.Ti  the  maximum  safe  stress  on  the  cable  is 
substituted  and  proper  allowances  are  made  in  the  determina- 
tion of  W\  for  ice  loading  and  wind  pressure.  The  guarantee 
for  proper  clearance  from  the  ground  or  from  a  given  reference 
plane  is  based  upon  the  knowledge  of  the  maximum  deflection 
of  the  suspended  cable  for  a  given  range  of  climate  from  ex- 
treme winter  weather  at  minimum  temperature  to  the  maximum 
summer  heat. 

It  is  evident  that  the  minimum  deflection  occurs  at  minimum 
temperature  when  the  cable  is  free  from  ice  load  and  wind  pres- 
sure. Supposing  the  cable  receives  at  this  temperature  a  coating 
of  ice  being  at  the  same  time  subjected  to  wind  pressure,  which 
is  equivalent  to  an  increase  of  the  gravitational  forces  acting 
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on  the  span,  equilibrium  of  forces  is  re-established  by  an  in- 
crease in  tension  on  the  cable  and  its  consequent  elongation 
[see  equation  (27)].  Since  the  distance  between  the  points  of 
support  is  constant,  an  increase  in  length  of  the  cable  suspended 
from  these  points  means  an  increase  in  its  deflection.  Let  the 
temperature  increase  toward  the  freezing  point.  An  increase 
in  temperature  is  accompanied  by  an  increase  in  length  of  the 
cable.  Although  this  increase  in  length  is  partly  offset  by  a 
decrease  in  tension,  as  demonstrated  in  the  derivation  of  equa- 
tion (64),  an  increase  in  length  does  result  from  an  increase  in 
temperature  for  all  materials  used  in  practical  transmission 
spans,  and  in  consequence  the  deflection  of  the  cable  must  in- 
crease also;  provided  that  the  ice  coating  and  wind  pressure  do 
not  diminish.  Since  the  ice  loading  cannot  exist  above  the 
freezing  point,  the  deflection  will  naturally  reach  a  maximum 
at  the  freezing  point. 

As  soon  as  the  temperature  rises  above  the  freezing  point, 
the  ice  load  and  a  large  portion  of  the  wind  load  vanish,  resulting 
in  a  decrease  in  the  deflection.  If  the  temperature  increases  to 
its  maximum,  the  deflection  will  also  increase  to  a  maximum 
which  may  either  be  smaller  or  greater  than  the  deflection  at 
the  freezing  point,  depending  upon  the  relative  magnitude  of 
the  maximum  temperature  and  the  magnitude  of  the  ice  and 
wind  loading  which  existed  at  the  freezing  point.  With  the 
help  of  equation  (64)  the  maximum  deflection  of  a  given  cable 
for  any  length  of  span  may  be  accurately  computed  for  condi- 
tions of  ice  and  wind  loading  at  the  freezing  point.  Equations 
(60)  and  (62),  solved  in  sequence,  will  yield  the  deflection  at 
the  maximum  temperature.  The  one  of  the  two  catenaries  thus 
found,  which  gives  the  greatest  deflection  will  hereafter  be 
called  the  critical  catenary.  In  warm  climates  the  critical  caten- 
ary will  tend  to  exist  at  the  maximum  temperature,  whereas  in 
cold  climates  the  critical  catenary  is  likely  to  be  found  at  the 
freezing  point.  The  diameter  of  the  cable  is  also  a  factor  in 
the  determination  of  the  critical  catenary.  The  smaller  the 
diameter,  the  greater  is  the  ice  load  in  comparison  to  the  weight 
of  the  cable  itself,  so  that  at  the  same  locality  the  critical  caten- 
ary may  occur  at  the  maximum  temperature  for  a  large  cable, 
whereas  for  a  smaller  cable  it  might  occur  at  the  freezing  point. 
It  is  at  all  times  advisable  to  calculate  the  catenaries  for  both 
the  maximum  temperature  and  the  freezing  point  in  order  to 
be  sure  of  accurate  results. 
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At  first  sight  equations  (54),  (60)  and  (62)  will  appear  rather 
cumbersome  and  difficult  to  operate.  If,  however,  equation 
(54)  is  written 


Chart  II 


where  Fu  Gi  and  Hi  are  constants,  the  simplicity  of  the  solution 
of  the  equation  for  the  argument  x  -f-  c2  is  apparent. 

Equations  (54),  (60)  and  (62)  are  easily  and  rapidly  solved  by 
the  use  of  the  curves  of  Chart  II.    The  curve  indexed 


[(-■t)*t-]-» 
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gives  values  of  the  magnitude 

[(**-r)-r]-' 

for  arguments  x  -s-  c  ranging  from  0  to  0.25.    The  curve  indexed 


[cosh—  "1 
— 5T^  +  —  x 
—         sinh  — J 


c  c 


represents  magnitudes  of 


[cosh  ^  "| 

—         sinh  J 


for  the  same  range  of  the  argument,  if  H  =  0.0001.  Corres- 
ponding curves  for  values  of  H  ranging  from  0  to  0.0002  are 
indexed  0.00001,  0.00002,. .  .0.00019,  0.0002.  A  straight  line 
perpendicular  to  the  x  -4-  c  axis  is  divided  into  equal  lengths  by 
these  curves  indexed  in  arithmetic  progression  and  in  conse- 
quence direct  interpolation  can  be  effected  along  such  lines 
perpendicular  to  the  x  -s-  c  axis. 

For  all  positive  arguments  the  ratio  of  the  hyperbolic  sine  to 
the  argument  is  always  greater  than  unity.  By  subtracting 
unity  from  this  ratio,  the  two  sets  of  curves  of  Chart  II  are 
located  nearer  the  x  -f-  c  axis.  The  equation  is  again  balanced 
by  subtracting  unity  from  the  constants.  Hence,  for  conven- 
ience equation  (54)  is  changed  ia  form  to 


sinh  rcosh-^- 


—  rcosh —  t  "l 

i  -      c  +  f,  x  |_£L+  -  J^-J- 


Supposing,  Fi  ■=  1 .002821  ;Gi  =  0.000  526;  and  Hx  =  0.0000315, 
then 

Fi  —  Gi—  1  =  0.002296. 
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The  magnitude 


is  given  by  a  curve  interpolated  between  curves  indexed  0.00003 
and  0.00004  for  any  argument  x  -r-  ct  between  the  limits  0  and 
0.25.  The  value  0.002296  added  to  an  ordinate  of  this  curve 
must  be,  according  to  the  above  equation,  an  ordinate  of  curve 

[K)+i]-' 

Hence,  the  correct  argument  x  -s-  c%  which  gives  the  same  length 
of  ordinate  for  the  curves 

and 


0.002296  +  0.0000315 


can  be  found  by 


marking  the  length  0.002296  on  the  straight  edge  of  a  sheet  of 
paper  and  by  moving  the  point  marked  on  the  sheet  along  the 
curve  0,0000315,  keeping  the  straight  edge  perpendicular  to  the 
x  -5-  c  axis,  until  the  other  point  touches  the  curve 

[(**-r) -r]-» 

The  straight  edge  in  this  position  indicates  on  the  x  -s-  c  axis 
the  value  0.1294,  which,  if  substituted  for  x  -s-  c\  in  above  equa- 
tion will  satisfy  this  equation. 
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The  curves  of  Chart  II  have  been  drawn  with  great  care  from 
hyperbolic  functions  computed  accurate  to  the  twelfth  decimal 
place.  With  a  little  practise  in  interpolation  the  argument  of 
equations  (64),  (60)  and  (62)  can  be  determined  accurately  to 
the  fourth  decimal  place.    Values  of 


with  a  given  argument  can  be  read  directly  to  the  sixth  decimal 
place  from  the  curve  bearing  this  index. 

Outline  for  Systematic  Determination  of  the  Critical  . 


First  Step.  Determination  of  the  catenary  at  the  freezing 
point  with  ice  and  wind  loading,  using  equation  (64)  changed 
for  convenience  to 


c 


c 


Catenary 


sinh 


x 


X 


-  1  =  Fx-  d  +  i/i  X 


-  1 


(63). 


where 


(1  +a[fa-*d) 


x 


Hi  = 


Si  Wi 


2EAl{l+a[h-  h)y 


For  any  argument  x  -s-  d9 


d  = 


max.  Ti 


- ;   x  =  —  X  C\\   Si  —  C\  sinh 


w\  cosh— 


For  wi  see  equation  (39);  for  A\  see  equation  (43). 
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The  hyperbolic  coefficient  of  G\  for  the  argument  x  -s-  cx  is 
the  direct  reading  from  the  curve  of  Chart  II  indexed 


[cosh—            -  "I 
— +  —  V  divided  by  0.0001. 
—         sinh  J 

c  c 

After  the  constants  Fu  G\  and  Hi  are  computed,  the  argument 
x  -s-  c2  which  satisfies  equation  (63)  is  read  from  Chart  II. 
With  the  knowledge  of  x  -s-  cit 

X  I  X  \  X 

c%  =  —  ;   y%  —  c2  (cosh  1);   s2  =  c2  sinh  — ; 

x  \         c%        /  Ct 


w2  =   ;  max.  T%  —  c%  w2  cosh  — 

St  Ci 


Second  Step.  Determination  of  the  catenary  at  minimum 
temperature  without  ice  and  wind  loading,  using  equation  (60) 
changed  for  convenience  to 


x  x 
sinh  —  rcosh —  -  "1 

L     ^         sinh  ±-  J 


1  (64) 

C\  ~      Ci  c% 


where 


F  -  Sl 

5T 


[cosh—  •  t  "1 
 Ci    ,  1 


Ci  Ci 


2EAi 
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For  w"  see  equation  (40),  other  terms  are  the  same  as  in  equation 
(63). 

With  the  knowledge  of  x  c8, 

X  /  X  \  X 

Ci  =  — ;   y*  «=  Ci  (cosh  1 J ;   s*  =  Ct  sinh  — ; 

x  \  Ct        l  C* 


S\  W  _  ,  x 

Wi  =   ;  max.  Tt  =  c**vt  cosh  — . 

St  c% 


Third  Step.  Determination  of  the  catenary  at  maximum 
temperature,  using  equation  (62)  changed  for  convenience  to 

x  x 
sinh  —  rcosh —  ^  "| 

^-l  =  *-G,  +  /^^  +  -^J-l  (65) 

Ci  Ci  Ci 

where 


F,  =  Jl(i  +  a[/4-/J) 


s*w       rcoshi  ,    1  1 

Ct  Ct 

St  vf 


Gz  =  2EA 


Ht  = 


2EAi(l+a[ti-  /i])» 
With  the  knowledge  of  x  +  d, 


d  =  ji  =  d  (cosh       -  l);   54  =  c4  sinh  ; 

*  \  &4  /  &4 


w4  =   ;  max.  TK  =  c4  w4  cosh  — 

54  '  d 
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The  critical  catenary  is  either 

y2  =  C2  ^cosh   1^  or   yt  =  e4  ^cosh  -y  1^, 

whichever  equation  yields  the  greatest  deflection  for  a  given 
tower  spacing.  The  determination  of  the  tower  spacing  and  of 
the  corresponding  height  of  tower  must  be  based  on  the  maximum 
deflection  of  the  critical  catenary. 

The  catenary  for  any  other- temperature  //  somewhere  within 
the  range  of  from  h  to  U  can  be  computed  by  substituting  t/ 
for  U  in  equation  (65).  Since  this  equation  is  based  on  the 
assumption  that  the  cable  is  free  from  ice  or  wind  load,  the 
resulting  catenaries  including  those  for  temperatures  below  the 
freezing  point,  describe  the  span  in  calm  weather,  without  sleet 
deposits  on  the  cable  at  the  low  temperatures.  Such  weather 
conditions  usually  prevail  at  the  time  of  span  construction. 
Hence,  a  cable  strung  at  any  temperature  U'  in  calm  weather, 
so  that  its  axis  forms  a  catenary  obtained  by  the  use  of  equation 
(65)  for  the  temperature  //,  would  under  the  most  severe 
weather  conditions  be  subjected  to  not  more  nor  less  than  the 
maximum  safe  stress.  The  constructing  engineer  should  have 
a  means  of  quickly  determining  the  required  stringing  tension 
for  a  given  tower  spacing  and  temperature,  so  that  he  may 
guarantee  that  his  span  is  safe  under  the  most  severe  weather 
conditions  and  that  the  margin  of  safety  is  not  too  great  for 
economical  span  construction. 

In  order  to  furnish  the  constructing  engineer  this  necessary 
information,  catenaries  for  the  temperatures  t\,  t/,  I"  and/4 
are  computed  with  the  use  of  equation  (65)  for  a  number  of 
arguments  x  c4.  The  four  curves  obtained  in  terms  of 
max  T  and  2x  for  the  range  of  tower  spacing  covered  by  the 
range  of  the  argument  are  plotted  on  a  chart  and  all  other  curves 
corresponding  to  intermediate  temperatures  are  interpolated. 
A  chart  of  this  kind,  from  which  the  engineer  can  directly  read 
the  required  stringing  tension  for  any  length  of  span  and  any 
stringing  temperature  will  hereafter  be  called  a  temperature- 
tension  stringing  chart. 

The  use  of  Chart  II  and  of  the  formulas  derived  will  now  be 
demonstrated  in  the  solution  of  the  following  problem: 

Problem  3.  It  is  required  to  draw  the  temperature-tension 
stringing  chart  for  a  500,000  cir.  mil  hard-drawn  copper  cable. 
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If  the  cable  is  suspended  from  50-ft.  towers  so  that  the  mini- 
mum clearance  of  the  cable  from  the  ground  is  30  ft.,  what  is  the 
maximum  permissible  tower  spacing? 

Extreme  climatic  conditions: 

Minimum  temperature  =  —  10  deg.  fahr. 
Maximum  temperature  =  +  100  deg.  fahr. 
Maximum  ice  loading  =  £-mch  (12.7  mm.)  layer  enveloping 
cable. 

Maximum  wind  pressure  =  10  lb.  per  square  ft.  area  normal 
to  direction  of  wind. 

Specification  of  Cable: 
Number  of  strands  in  cable  =  37. 
Modulus  of  elasticity  =  16,000,000. 

Ultimate  tensile  strength  of  one  strand  =  673  lb.  (305.2  kg.). 
Temperature  coefficient  of  linear  expansion  0.00000922  (fahr. 
scale). 

Diameter  of  strand  =  0.1162  in.  | 

(2.9  mm.)  Measurements   taken  at 

Diameter  of  cable  -  0.8134  in.       75  deg.  fahr.  with  cable 

(20.6  mm.)  free  from  mechanical 

Weight  per  ft.  of  cable  =  1.54  lb.  stress. 

(0.6  kg.) 

The  ultimate  tensile  strength  of  the  cable  to  be  not  more  than 
0.9  the  combined  ultimate  tensile  strength  of  its  strands. 

673  X  37  X  0.9  =  22,411  lb.  (10,165.3  kg.) 

The  elastic  limit  to  be  taken  at  50  per  cent  of  the  ultimate  break- 
ing stress. 

22,411  X  0.5  =  11,206  lb.  (5082.9  kg.) 

The  maximum  tension  on  the  cable  should  not  exceed  75  per  cent 
of  the  tension  at  the  elastic  limit. 

11,206  X  0.75  =  84001b.  (3810.1  kg.) 

Since  all  preceding  formulas  describe  the  characteristics  of  a 
suspended  cylindrical  solid,  it  will  be  of  advantage  to  substitute 
for  the  stranded  cable  a  cylindrical  solid  which  has  the  same 
characteristics  as  the  actual  stranded  cable  in  regard  to  tempera- 
ture changes,  changes  in  tension,  weight  per  unit  length  and 
ice  and  wind  load.  The  ice  and  wind  load  on  the  equivalent 
cylindrical  solid  will  be  the  same  as  the  ice  and  wind  load  on  the 
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stranded  cable,  if  the  cylindrical  solid  has  the  same  diameter 
as  the  outside  diameter  of  the  stranded  cable.  The  inside  area 
of  a  cylindrical  envelope  surrounding  the  stranded  cable  is,  as 
well  as  the  actual  cross-sectional  area  of  metal  of  the  cable, 
directly  proportional  to  the  square  of  the  diameter  of  the  strand;- 
hence,  as  far  as  the  influence  of  temperature  is  concerned,  both 
areas  are  affected  in  the  same  proportion.  Similarly,  the  changes 
in  both  areas  due  to  changes  in  tension  are  proportional  to  the 
changes  in  area  of  the  strand;  however,  since  the  modulus  of 
elasticity  is  measured  on  the  basis  of  the  cross-sectional  area 
of  metal,  it  must  be  changed  in  inverse  proportion  to  the  area 
for  the  same  strain,  so  that 

£'  XA'  -  E  XA 

where, 

£'  =*  modulus  of  elasticity  for  stranded  cable. 

E  =  modulus  of  elasticity  for  equivalent  cylindrical  solid. 
A '  =  cross-sectional  area  of  metal  of  stranded  cable. 

A  =  cross-sectional  area  of  equivalent  cylindrical  solid. 

Hence, 

v_E'A'_  16,000,000  X  37  X  0.1162*  _19nft9ftftn 
*     ~A  03I345  

Revised  specification  of  cable,  using  the  foot  as  the  unit  of 
length' and  the  pound  as  the  unit  of  force: 

A  =  Cross-sectional  area  free  from  stress 

,1X0^  =  0.00361 
4  X  144 


w  =  Weight  per  foot  length  free  from  stress  =  1.64 
E  =  Modulus  of  elasticity  =  12,082,000  X  144  =  1,739,- 
808,000 

a  =  Coefficient  of  linear  expansion  =  0.00000922 
max  T  =  "Maximum  safe  stress  on  cable  =  8400 

t  =  Temperature  at  which  measurements  of  A  and  w 
were  taken  =  75 

Other  given  data: 

/i  =  Minimum  temperature  =  —  10 
tt  =  Temperature  at  freezing  point  =  +  32 
U  =  Maximum  temperature  =  +  100 
a  =  Maximum  thickness  of  ice  layer  enveloping  cable 
=  0.04167 
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u  =  Weight  per  cubic  foot  of  ice  =  57.37 
v  =  Maximum  wind  pressure  per  square  ^oot  area  normal 
to  direction  of  wind  =  10 
For  the  temperature-tension  stringing  chart  two  other  tem- 
peratures //  =  +  30  and  t\  =  +  60  will  be  used  in  connection 
with  equation  (65). 
From  equation  (40) 


„      1.54  X  1,739,808,000  X0.00361  (1  -  0.00000922  [7&  +  10]) 
W      1,739,808,000X0.00361  (1  -  0.00000922  [75+10])2  +  8400 
=  1.5391 

From  equation  (41) 

i  =  57.37*  X  3.1416  X  0.04167  ^0.04167 

+  2  X  0.00361  (1  -  0.00000922  [75  +  10])2 


\3.1416(1739808000  X  0.00361(1-0.00000922[75+10])2+8400L 
-  0.8212 

From  equation  (42) 


p  =  2  X  10  0.04167  +  0.00361(1  -  0.00000922(75  +  10])* 


,3. 1416[1739808000  X  0.00361  (1  -0.00000922[75 + 10])2 +8400], 


=  1.5100 

From  equation  (39) 

wi  =  [(1.5391  +  0.8212)2  +  1.512]«  =  2.802 
From  equation  (43) 

A  1,739,808,000  X  0.003612  (1  -  0.00000922  [75  +  10])4 

1      1,739,808,000X0.00361  (1  -  0.00000922  [75+10])2  +  8400 

=  0.003598 

In  the  following  five  tables  the  computations  necessary  for 
the  solution  of  the  problem  are  carried  out  systematically. 
Tables  I,  II  and  III  determine  the  critical  catenary  and  Tables 
II,  III,  IV  and  V  give  the  data  necessary  for  the  temperature- 
tension  stringing  chart.  The  columns  of  figures  are  indexed 
successively  from  1  to  44.  In  the  space  below  the  index  of  a 
column  is  given  the  relation  of  the  values  in  that  column  to  the 
values  computed  in  preceding  columns.    For  instance,  in  column 


1,739,808,000 


1,739,808,000 
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of  Table  III  indexed  31  are  given  values  obtained  by  multi- 
plying the  values  given  in  column  of  Table  II  indexed  24  by  the 
constant  12,281  X  10-11.  The  second  space  below  the  indices 
indicates  the  significance  of  the  values  in  the  column  with 
respect  to  the  working  equation  at  the  top  of  the  table. 

A  comparison  of  the  deflectibns  y%  and  yK  given  in  column  IS 
of  Table  I  and  column  39  of  Table  III  shows  that  the  critical 
catenary  is  the  catenary  formed  by  the  cable  at  the  maximum 
temperature  +  100  deg.  fahr.  The  difference  between  the  de- 
flection of  the  cable  at  the  freezing  point  under  maximum  ice 
loading  and  the  deflection  at  the  maximum  temperature  is, 


400         500        600        700        800        900        1000       1100  1200 

2x-t0wer  spacing  in  feet 

Fig.  3— Temperature-Tension  Stringing  Chart  500,000  Cir.  Mils 
Hard-Drawn  Copper  Cable 

Maximum  tension  to  be  not  more  nor  less  than  84 0C  lb.  at  10  deg.  fahr.  under  wind  load 
of  10  lb.  per  sq.  ft.  and  ice  load  of  one-half  inch  layer  enveloping  cable. 

however,  very  small  which  shows  the  necessity  of  performing 
the  deflection  computations  for  both  weather  conditions  in 
every  case. 

With  a  given  height  of  tower  and  a  given  maximum  cable 
deflection  the  critical  catenary  determines  the  tower  spacing. 
The  height  of  towers  given  in  this  problem  is  50  ft.,  and  since 
the  deflection  of  the  cable  is  not  to  exceed  20  ft.  (50  —  30),  the 
tower  spacing  is  found  directly  from  the  curves  of  Fig.  3.  The 
abscissa  corresponding  to  the  ordinate  y  =  20  of  the  deflection 
curve  +  100  deg.  fahr.  (critical  catenary)  is  665.  Hence  the 
maximum  permissible'tower  spacing  is  665  ft.  (202.6  m.) 
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Working  Formula.    [See  equation  (63)] 

*  X 

sinh                                        rcosh    "1 

ct                                                   Cl  1 
 l=F,-d+ff,X                   +                  1  -  1 

  L                    sinh    J 

Cl                                                               C)  Ct 

Fi  -  —  X  (1  +  0.00000922  [32  +  10])  -  —  X  1.0003872 

X  X 

X 

Pccsh   "1 

2.802                                       "  1 

Gi  -  si  X     +  

2X1,739.808.000  X0.003598  X  1.0003872          x  x 

L     —         sinh  —  J 

Cl  Cl 

x 

Fcosh   "1 

-  si  X  0.00000022373   —  H  

*  * 

L                  sinh  J 

Cl  Cl 

2.802 

Hi  -  *i  X                                                            -  ji  X  0.000000223641 

2  X  1.739.808,000  X0.003598  Xl.0003872* 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

2997.86 
cosh  (1) 

0)  X(2) 

(2)  X 
sinh  (1) 

(4) 

(3) 

1 .0&0387 

(4)  X 
22,373  X10-" 

(1)  ft 
Ch't 
II 

x  Assumed 
ci  Argument 

hI  S 

8  ° 
n 

u 

C 
X 

n 

H 

A 
C 

s 

£  1  H 

! 

■a 

•a 

- 

HIS 

•s 

8 

«|  5 

JO 

a 

•a 

- 

0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 

2992.47 
2988.29 
2982.94 
2976.40 
2968.72 
2959.89 
2949.94 
2938.89 

179.548 
239.063 
298.294 
357.168 
415.621 
473.582 
530.989 
587.778 

179.656 
239.318 
298.791 
358.026 
416.980 
475.605 
533.861 
591.704 

1.000599 
1.001068 
1.001667 
1.002402 
1.003270 
1.004272 
1.005409 
1.006680 

1.000986 
1.001456 
1.002055 
1.002790 
1.003658 
1.004661 
1.005798 
1.007069 

0.00004019 
0.00005354 
0.00006685 
0.00008010 
0.00009329 
0.00010641 
0.00011944 
0.00013238 

33.36 
25.03 
20.03 
16.71 
14.33 
12.55 
11.17 
10.07 

0 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(7)  X  (8) 

(6)  -  (9)  -  1 

(7) 
1.0003872 

(10).  (11) 
ft  Ch't  II 

(3) 
(12) 

-  1  + 
cosh  (12) 

(13)  X 
(14) 

6 

mm 

i 

£ 

II 

v> 

T 

H 1  s 

xs 

W 

8 
n 

*|  5 

0.001341 
0.001340 
0.001339 
0.001338 
0.001337 
0.001335 
0.001334 
0.001333 

-  0.000355 
+  0.000116 
+  0.000716 
+  0.001452 
+  0.002321 
+  0.003326 
+  0.004464 
+  0.005736 

0.0000402 
0.0000535 
0.0000668 
0.0000801 
0.0000933 
0.0001064 
0.0001194 
0.0001323 

0.0696 
0.0889 
0.1082 
0. 1275 
0.1468 
0.1662 
0.1857 
0.2053 

2579.71 
2689.12 
2756.88 
2801.32 
2831.21 
2849.46 
2859.40 
2863.02 

0.00242 
0.00395 
0.00586 
0.00814 
0.01080 
0.01384 
0.01729 
0.02115 

6.24 
10.62 
16.17 
22.80 
30.57 
39.43 
49.43 
60.65 

TABLE  II    CATENARY  AT  TEMPERATURE  -  10  DEG.  PAHR. 


sinh- 


-  -  1  -  Ft 


Working  Formula.    [See  equation  (64)] 

[cosh  —  "I 
 —  +   I  -  1 
—         sinh  —  J 


Ft  =         —  given  in  col.  (5),  Table  I. 

x 


Gt  -  Ji 


2.802 


2  X  1.739,808  000  X0.003598 


x 

[cosh    "I 
-r^-v] 
  sinh  J 


ci  ci 
si  X  0.00000022381  X  value  given  in  col.  8,  Table  I. 
1.5391 

ji  X    »ij  X  0.00000012294 

2  X  1.739,808,000  X0.003598 


(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(4)X 
22,381  X10"» 

(8)  X  (16) 

(5)  -  (17)  -  1 

(4)  X 
12.294  X  10  " 

(3) 
(20) 

H 

M 

c 
'3 

h 

1 

1 

1 

£ 

£ 

« |  s 

*  |  «  |  S 
1 

c 

0.00004021 
0.00005356 
0.00006687 
0.00008013 
0.00009332 
0.00010644 
0.00011948 
0.00013242 

0.001341 
0.001340 
0.001339 
0.001338 
0.001337 
0.001336 
0.001335 
0.001334 

-0.000742 
-0.000272 
+0.000328 
+0.001064 
+0.001938 
+0.002936 
+0.004074 
+0.005346 

0.0000221 
0.0000294 
0.0000367 
0.0000440 
0.0000513 
0.0000585 
0.0000656 
0.0000728 

0.0424 
0.0628 
0.0846 
0.1066 
0.1282 
0.1494 
0.1704 
0.1913 

4234.62 
3806.74 
3525.93 
3350  54 
3241.98 
3169.89 
3116.13 
3072.54 

(22) 


(23) 


(24) 


(25) 


(26) 


(27) 


(28) 


cosh  (20) 
-1 


(21)  X  (22) 


(21)  X 
sinh  (20) 


ill 
(24) 


(25)  X 
1.5391 


(21)  X 
cosh  (20) 


(26)  X 
(27) 


0.00090 
0.00197 
0.00358 
0.00568 
0.00823 
0.01118 
0.01455 
0.01836 


3.81 
7  50 
12.62 
19.03 
26  68 
35.44 
45.24 
56.42 


179.590 
239.216 
298  646 
357 . 838 
416.757 
475.325 
533.575 
591.372 


1.00037 
1.00043 
1.00049 
1.00055 
1  00061 
1 . 00059 
1.00057 
1.00056 


1 . 5397 
1.5398 
1  5399 
1  5399 
1  5400 
1.5400 
1.5400 
1.5399 


4238.43 
3813.97 
3538.55 
3369.57 
3268.66 
3205.33 
3161.47 
3128.95 


6525.91 
5872.75 
5448.01 
5188.80 
5033.74 
4936.21 
4868.66 
4818.27 


TABLE  III.    CATENARY  TEMPERATURE  +  100  DEG.  FAHR. 


Working  Formula.    1  See  equation  (••)] 

x  x 
sinh                                     Tcosh    ™| 

 1  =  Fi  -  C»  +  //« 1                  +                 -  1 

  L                    sinh  J 

C\                                                                   CA  04 

Fi  -  si/x  X  (1  +  0.00000922  1100  +  10] )  =  Jg  X  1.001014 

* 

Fcosh    "1 

1.5391                                      ci  1 

Cx  -  s»  X     +  

2X1.739,808,000  X0.003598  X  1.001014            x  x 

L  •* —         sinh  J 

Pcosh  —  n 

=  5i  X  0.00000012281   —  +  

L                    sinh  J 

Cx  c 

1.5391 

ft  a  -  s»  X                                                            *si  X  0.00000012268 

2X1,739,808.000  X0.003598  X  1.001014' 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(24) 
(3)" 

(29)  X 
1.001014 

(24)  X 
12,281  XIO-m 

(20)  & 
Ch't  II 
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•  (32) 

(30)  -  (33) 
-  1 

(24)  X 
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x  io-» 

«?  |  « 

I? 

- 

JS 

«A 

o 

* 

\ 

*i 

3 
3 

0 

M 

- 

i 

c 
35 

h 

1 

5 

1.000234 
1.000640 
1.001180 
1.001876 
1.002735 
1.003680 
1.004870 
1.006114 

1.001248 
1.001655 
1.002195 
1 . 002892 
1.003750 
1.004698 
1.005889 
1.007134 

0.00002206 
0  00002938 
000003668 
0  00004395 
0.00005118 
0.00005838 
0.00006553 
0.00007263 

47.16 
31.83 
23.67 
18.80 
15.65 
13.43 
11.80 
10.52 

0.001040 
0.000935 
0.000868 
0.000826 
0.000801 
0.000784 
0.000773 
0.000764 

+0.000208 
+0.000720 
+0.001327 
+0.002066 
+0.002949 
+0.003914 
+0.005116 
+0.006370 

0.0000220 
0.0000294 
0.0000366 
0.0000439 
0.0000511 
0.0000583 
0.0000655 
0.0000726 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(34). 
(35)  & 
Ch't  II 

(3) 
(36) 

cosh  (36) 
-  1 

(37)  X 
(38) 

(37)  X 
sinh  (36) 

(4) 
(40) 

(41)  X 
1.5391 

(37)  + 
(39) 

(42)  X 
(43) 

x  |  <J 

H  |  H  |  .J 

•  I 

H  |  £ 

■s 

O 
V 

D 

*l* 

X  |  u 

A 
C 

ss 
1 

I 

sf 

■s 

o 
u 

<o 

D 

9 

e 

j? 

0.0710 
0.0905 
0.1095 
0. 1285 
0. 1475 
0.1665 
0.1865 
0.2060 

2528.8) 
2  41.58 
2724.15 
2779.52 
2817.77 
2844.34 
2847.13 
2853.30 

0.00252 
0.00410 
0.00600 
0.00826 
0.01089 
0.01389 
0.01744 
0.02129 

6.37 
10.83 
16.34 
22.96 
30.69 
39.50 
49.65 
60.74 

179.690 
239.380 
298.894 
358.141 
417.143 
475.773 
534.065 
591.946 

0.99981 
0.99974 
0.99969 
0.99966 
0.99964 
0.99963 
0.99961 
0.99960 

1.5388 
1.5387 
1.5386 
1 . 5386 
1 . 5385 
1.5385 
1.5385 
1.5385 

2535.22 
2652  41 
2740.49 
2802.48 
2848.46 
2883.84 
2896.78 
2914.04 

3901 
4081 
4216 
4312 
4382 
4437 
4457 
4483 

TABLE  IV.    CATENARY  AT  TEMPERATURE  +  30  DEG.  PAHR. 


Working  Formula.    [See  equation  (*•)] 

X  X 
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3288.35 
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3119.37 
3069.58 
3033.84 
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2986.67 

0.00130 
0.00264 
0.00438 
0.00657 
0.00918 
0.01221 
0.01564 
0.01943 

4  58 
8.68 
13.95 
20.49 
28.18 
37.05 
47.03 
58.04 

179.618 
239.268 
298.730 
357.948 
416.880 
475.494 
533.755 
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1.00021 
1.00021 
1.00021 
1.00022 
1.00024 
1.00023 
1.00020 
1.00018 

1.5394 
1.5394 
1.5394 
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1.5393 

3525.1 
3297.0 
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5427 
5074 
4927 
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4768 
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4687 

TABLE  V.    CATENARY  AT  TEMPERATURE  +  60  DEG.  FAHR. 


Working  Formula.    [See  equation  (••)] 


sinb  - 


C4" 


Gi"  -jiX- 


[cosh    "1 
 —  +   I  -  1 
—         sinh  —  J 
c«"  ck" 
154 

x 

[cosh    "I 
  sinh  J 


Ft"  -  si  X  (1  +  0.00000922(60  -4-  10) )  -  ji  X  1.0006454 
1.5391 


2  X  1.739.808,000  X  0.003598  X  1.0006454 


Cl  Cl 

-  s$  X  0.00000012286  X  value  given  in  col.  32,  Table  III 
1.5391 

Hi"  -  s  X   ji  X  1.00000012281 

2X1.739.808.000  X  0.003598  X  1.0006454' 


(30)  " 

(31)  " 

(33)  " 

(34)  " 

(35)  " 

(36)  " 

(29)  X 
1.0006454 

(24)  X 
12,286  X  10  " 

(31)  "  X  (32) 

(30)  "  -  (33)  " 
-  1 

(24)  X 
12.281  X  10-m 

(34) 
(35)  " 
&  Ch't  II 

« |  cr 

C 

- 

x  |  " 

*S 

h 

^) 

*- 

X 

3 

u 

*- 

1 

•u 

-1* 

1.000880 

1.001286 

1.001826 

1.002523 

1 . 003382  • 

1.004328 

1.005519 

1.006718 

0.00002206 
0.00002938 
0.00003669 
0.00004397 
0.00005120 
0.00005840 
0.00006556 
0.00007266 

0.001040 
0.000935 
0.000869 
0.000827 
0.000802 
0.000785 
0  000774 
0.000765 

-0.000160 
+0.000351 
+0.000957 
+0.001696 
+0.002580 
+0.003543 
+0.004745 
+0.005953 

0  0000221 
0.0000294 
0.0000367 
0.0000440 
0.0000512 
0.0000584 
0.0000655 
0.0000726 

0.0595 
0.0800 
0.1005 
0.1205 
0.1405 
0.1605 
0.1805 
0.2000 

(37)  " 


(38)  " 


(39) 


(40)  " 


(41)  "  (42) 


(43)  ' 


(44)' 


(3) 
(36)" 


cosh  (36)  ' 
-1 


(37)  " 
X 

(38)  " 


(37)  "  X 
sinh  (36)» 


(4) 
(40%* 


(41)  "  X 
1.5391 


(37)  " 
+  (39)* 


(42)*  X 
(43)* 


3 

s 


3017.61 
2988.30 
2968.10 
2964  05 
2958. 16 
2950.67 
2941  77 
2938.89 


0.00177 
0.00320 
0.00505 
0.00727 
0.00989 
0.01291 
0.01633 
0.02007 


5.34 
9  56 
14.99 
21.55 
29  26 
38.09 
48.04 
56.98 


179.668 
239.333 
298.799 
358.028 
417.012 
475.618 
533.872 
591.716 


0  99993 
0.99994 
0  99997 
0  99998 
0.99998 
0  99998 
0.99999 
0.99999 


I  5390 
1.5390 
1  5390 
1.5391 
1 . 5391 
1.5391 
1.5391 
1.5391 


3023.0 
2997.9 
2983.1 
2985.6 
2987.4 

2988  8 

2989  8 
2997.9 


4652 
4614 
4591 
4595 
4598 
4600 
4602 
4614 
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The  temperature-tension  stringing  chart  (Fig.  3)  is  plotted 
from  the  values  given  in  columns  28  Table  II,  44  Table  III, 
44'  Table  IV  and  44"  Table  V.  The  dotted  curves  for  inter- 
mediate temperatures  have  been  interpolated.  The  deflection 
curves  for  the  temperatures  —  10  deg.,  +  30  deg.,  +  60  deg. 
and  +  100  deg.  have  also  been  drawn  on  the  same  chart  so  as 
to  give  an  effective  check  on  the  work  of  stringing. 

Supposing  the  cable  is  to  be  suspended  at  a  temperature  of 
+  50  deg.  fahr.  from  towers  spaced  500  ft.  (152.4  m.)  apart, 
then,  according  to  the  chart,  the  tension  at  the  point  of  support 
must  be  4750  lb.  (2154.5  kg.)  with  a  corresponding  deflection 
of  10.2  ft.  (3.1  m.)  If  the  same  cable  at  the  same  temperature 
were  to  be  strung  between  towers  spaced  1000  ft.  (304.8  m.) 
apart,  the  tension  would  have  to  be  4650  lb.  (2109.2  kg.)  with  a 
corresponding  cable  deflection  of  42.5  ft.  (12.9  m.). 

The  computations  for  the  Tables  I  to  V  consisting  of  44  mathe- 
matical operations  for  each  argument  are  all  derived  from  the 
values  given  in  the  first  columns  of  Table  I,  and  a  slight  error 
made  in  those  columns  might  be  accumulative  during  each 
succeeding  step  leading  to  appreciable  errors  in  the  last  compu- 
tations. It  is  of  importance,  therefore,  to  begin  the  work  with 
great  precision  using  hyperbolic  functions  of  the  arguments  in 
column  1  computed  accurately  to  the  eighth  decimal.  Below 
is  given  a  table  of  natural  hyperbolic  functions  of  arguments 
which  cover  the  range  of  ordinary  span  designs. 


X 

X 

X 

sinh  — 

cosh  — 

c 

c 

c 

0.04 

0.0400106675 

1.0008001061 

0.06 

0.0600360065 

1.0018005401 

0.08 

0.0800853606 

1.0032017064 

0.10 

0. 1001666750 

1.0050041075 

0.12 

0.1202882070 

1.0072086441 

0.14 

0. 1404577820 

1.0098160171 

0.16 

0.1606835410 

1.0128270898 

0.18 

0.1809735759 

1.0162437873 

0.20 

0.2013360025 

1.0200667556 

0.22 

0.2217787996 

1.0242977643 

0.24 

0.2423106127 

1.0289385057 
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(C)  The  Most  Economical  Tower  Spacing 

The  most  important  item  in  the  cost  of  a  transmission  line  is 
the  cost  of  the  supports  for  the  line  conductors.  The  following 
investigation  will  disclose  the  physical  laws  which  govern  the 
magnitude  of  this  cost  item  and  will  evolve  a  method  of  its 
accurate  computation  in  connection  with  the  determination  of 
some  important  mechanical  features  of  the  fine. 

The  total  cost  of  the  line  supports  is  directly  proportional 
to  the  cost  of  each  support  and  to  the  number  of  supports  used 
for  the  entire  line.  For  a  minimum  total  cost,  the  cost  of  each 
support  must  be  a  minimum  and  the  number  of  supports  for  the 
line  must  be  a  minimum,  that  is,  the  tower  spacing  must  be  a 
maximum.  As  demonstrated  in  the  preceding  section  the 
critical  catenary  formed  by  the  cable  will  determine  the  required 
height  of  support  with  a  given  tower  spacing  or  it  will  determine 
the  tower  spacing  with  a  given  height  of  support,  provided,  the 
minimum  clearance  between  cable  and  ground  is  fixed.  The 
catenary  equation  also  shows  that  the  greater  the  tower  spacing, 
the  greater  will  be  the  height  of  the  support.  Since  the  cost  of 
the  support  increases  with  the  height  of  the  support,  an  increase 
in  tower  spacing  increases  the  cost  of  each  support  and  at  the 
same  time  decreases  the  total  number  of  supports  required  for 
the  given  line.  Hence,  the  total  cost  of  the  supports  will  be 
a  minimum  when  the  tower  spacing  is  such,  that  if  increased 
by  an  increment,  the  rate  of  increase  in  cost  of  the  support 
multiplied  by  the  number  of  supports  is  equal  to  the  rate  of 
decrease  of  the  total  cost  of  the  supports  due  to  a  decrease  of 
their  number . 

The  above  analysis  shows  that  for  the  determination  of  the 
minimum  total  cost  of  the  line  supports  it  is  necessary  to  segre- 
gate the  cost  items  which  are  a  function  of  the  tower  spacing 
only,  from  the  cost  items  which  are  a  function  of  the  tower 
spacing  and  of  the  height  of  the  support.  The  total  cost  must 
be  expressed  in  terms  of  these  two  groups  of  items  so  that  a 
mathematical  solution  for  a  minimum  cost  may  be  performed. 

The  cost  of  a  line  support  comprises  the  following  items; 

1.  Cost  of  tower  at  place  of  erection. 

2.  Cost  of  erection  of  tower. 

3.  Cost  of  lease  or  purchase  of  tower  site. 

4.  Cost  of  foundation  installed. 
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5.  Cost  of  location  and  inspection  of  line  support. 

6.  Cost  of  insulators  at  location  of  tower. 

7.  Cost  of  placing  insulators  and  cable. 

Item  1.  The  weight  of  the  tower  is  proportional  to  the  maxi- 
mum cable  stress  for  which  it  is  designed.  For  the  same  stress, 
an  increase  in  the  hfeight  of  the  tower  increases  its  weight  in  pro- 
portion to  the  square  of  its  height.  Since  the  cost  of  the  tower 
is  proportional  to  its  weight,  the  magnitude  of  item  1  is  directly 
proportional  to  the  square  of  the  height  of  the  tower. 

Item  2.  The  given  stress  for  which  the  tower  is  designed  prac- 
tically fixes  the  weight  per  unit  length  and  the  lengths  of  its 
structural  members.  Hence,  an  increase  in  the  height  of  the 
tower  increases  the  number  of  its  structural  members,  and  in 
consequence  the  cost  of  erection,  in  direct  proportion  to  the 
square  of  the  height  of  the  tower. 

Item  3.  Since  in  practical  tower  design  the  ratio  of  the  height 
of  the  tower  to  the  width  of  its  base  is  a  constant,  the  area  of 
the  tower  site  and  in  consequence  the  cost  of  its  lease  or  pur- 
chase will  also  vary  in  direct  proportion  to  the  square  of  the 
height  of  the  tower. 

Item  4.  The  cost  of  the  foundation  is  directly  proportional  to 
the  tension  for  which  the  tower  is  designed  and  is  practically 
independent  of  the  height  of  the  tower. 

Items  5,  6  and  7  are  independent  of  the  mechanical  features  of 
the  towers  and  are  constants  for  given  transportation  rates  and 
market  conditions  of  materials  and  labor.  The  magnitude  of 
item  6  is  practically  proportional  to  the  transmission  voltage 
and  is  fixed  for  a  given  transmission  voltage. 

The  above  analysis  of  the  different  cost  items  is  based  on  the 
cost  of  a  standard  three-phase  transmission  line. 

Let  L  =  length  of  the  transmission  line. 
2x  =  tower  spacing. 
h  =  height  of  tower. 

ki  =  minimum  clearance  of  cable  to  ground. 
y  =  maximum  deflection  of  the  catenary  formed  by  the 
cable. 
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The  number  of  line  supports  is,  then 


(66) 


ari9  the  height  of  the  support  is 

A  =  kx  +  y  (67) 
The  total  cost  of  the  line  supports  is 

M  =  N  (A2  A,  +  A,)  (68) 

where: 

A2  k%  =  sum  of  items  1,  2  and  3. 
ki  =  stun  of  items  4,  5,  6  and  7. 

Substituting  equations  (66)  and  (67)  into  (68) : 


M  =  ^M*>  +  ^  +  *a) 


Substituting  for  y  in  above  equation  its  equivalent  from  equation 
(11), 

M=  ~^(k*  [*i  +  c  (cosh^  -  l)]  +  A,)  (69) 


For  a  minimum  or  maximum  cost  the  derivative  of  equation 
(69)  with  respect  to  x  must  be  equal  to  zero: 


...  T    i  2  k2  c  cosh^  sinh  —     A3  <?  cosh  — 

d  M  L    I  c  c  c 

dx 


X  X 

2k%c  sinh  —     2  k%  c2  cosh  — 

 1  +  i 
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X  X 

,    ,     2  kt  k\  sinh  —     2ktk\C  cosh  —     _  ,  , 
k»c*  c  _  c_  2ktkiC 

x*   +  x  x*  +  x* 


_  k___*_  k_\ 

X*  X*  J 


X     .        X  X  X 

2  cx  cosh  —  sinh  c2  cosh*  2  cx  sinh  — 

c         c  c  c 


+  2c*  cosh  y  -  c* 


+  2kix  sinh  —  -  2  *,  c  cosh  -  +  2  *,  c  -  kS  -  41 


But  x  =  c  X  — ,  hence, 
c 


(XXX  XXX 
2  —  cosh  —  sinh  cosh2  2  —  sinh  — 
c         c         c             c         c  c 

+  2  cosh  y  -  l) 
+  2ct,(-  sinh  -  -  cosh  —  +  l)  -  kf  - 

Simplifying: 

c2  ^cosh     —  1^  ^2     sinh     —  cosh  ^  +  1^ 

+  2ckr  (—  sinh—  -  cosh  —  +  l)  -  *i2  +  -Ji 
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Equation  (70)  yields  the  minimum  cost  if  the  positive  sign 
before  the  radical  is  used. 

For  a  given  clearance  of  the  cable  to  ground  kx  and  a  given 
hyperbolic  argument,  equation  (70)  contains  only  one  variable, 
the  ratio  -f-  jfe2-  In  practical  line  design  the  possible  range  of 
this  ratio  falls  within  the  limits  500  and  1500.  In  the  following 
table  are  given  the  solutions  of  equation  (70)  for  k%  -r  =  500, 
ki  4-  kt  =  1000  and  k%  +  k%  1500  with  arguments  ranging 
between  0.06  and  0.20.  The  results  are  plotted  in  the  form  of 
curves  of  Fig.  4.    The  dotted  curves  were  drawn  by  interpolation. 


*i  -  30 

k%  +  kt 

-500 

-  1000 

*!  +  *! 

-  1500 

X 

c 

e 

2s 

c 

2s 

c 

2* 

0.06 

7661 

919 

9480 

1138 

11104 

1332 

0.08 

4310 

690 

5330 

853 

6243 

999 

0.10 

2765 

061 

3409 

682 

3979 

796 

0.12 

1913 

469 

2366 

568 

2771 

665 

0.14 

1403 

393 

1736 

486 

2034 

570 

0.16 

1073 

343 

1329 

425 

1555 

478 

0.18 

847 

305 

1048 

377 

1227 

442 

0.20 

686 

274 

848 

339 

982 

393 

The  most  economical  tower  spacing  is  the  abscissa  of  the 
intersection  point  between  the  curve  k%  k2  corresponding  to 
the  given  transportation  rates  and  market  prices  of  material 
and  labor,  and  the  curve  of  critical  catenaries  for  the  given  cable 
plotted  in  terms  of  2x  and  c ;  provided  that  the  minimum  clearance 
of  the  cable  to  ground  is  30  ft.  (9.1  m.).  For  any  other  clearance 
a  different  set  of  curves  has  to  be  computed  with  the  use  of 
equation  (70). 

The  significance  of  the  k*  -f-  k%  curves  obtained  by  equation 
(70)  will  now  be  demonstrated  by  the  solution  of  the  following 
problem: 

Problem  4.  What  is  the  most  economical  tower  spacing  for 
the  cable  specified  in  problem  3  of  section  B  ? 

The  cost  data  of  a  transmission  line  built  under  practically 
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the  same  as  the  present  conditions  concerning  transportation 
charges  and  prices  of  labor  and  materials  are  as  follows: 


1.  Cost  of  tower  at  place  of  erection   $190.00 

2.  Cost  of  erection  of  tower   30.00 

3.  Cost  of  tower  site   10 . 00 

4.  Cost  of  foundation  installed   125.00 

5.  Cost  of  location  and  inspection  of  support   13.00 

6.  Cost  of  insulators  at  location  of  tower   30.00 

7.  Cost  of  placing  insulators  and  cable   10.00 


The  height  of  the  point  of  cable  support  above  the  tower 
footing  is  37  ft.  (11.2  m.).    The  tower  is  designed  for  a  tension 


2x -TOWER  SPACING 


Fig.  4 


of  6000  lb.  (2721.5  kg.)  per  cable.  The  transmission  voltage  is 
150,000. 

The  transmission  voltage  of  the  line  formed  by  the  cable 
specified  in  problem  3  is  to  be  110,000. 

Solution.  If  the  tower  specified  above  were  designed  for  a 
tension  of  8400  lb.  (3810.1  kg.),    per  cable,  its  cost  would  be 

„  190  X  8400 


6000 

and  the  cost  of  the  foundation, 

125  X  8400 
*  6000 


=  $266.00 


^•$175.00 
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For  a  transmission  voltage  of  1 10,000  the  cost  of  the  insulators 
will  be  approximately 

The  remaining  cost  items  are  "not  affected  by  the  tension  and 
transmission  voltage. 
Cost  data  revised  for  different  tension  and  voltage: 

1.  Cost  of  tower  at  place  of  erection   $266.00 

2.  Cost  of  erection  of  tower   30.00 

3.  Cost  of  tower  site   10 . 00 

4.  Cost  of  foundation  installed   175.00 

5.  Cost  of  location  and  inspection  of  support   13.00 

6.  Cost  of  insulators  at  location  of  tower   22.00 

7.  Cost  of  placing  insulators  and  cable   10.00 

Determination  of  the  constants  ku  k2  and  k*  of  equation  (70). 

k\  =  should  not  be  less  than  30. 

kt  =  sum  of  items  1,  2  and  3  divided  by  the  square  of  the 
height  of  the  point  of  support  above  the  tower  footing. 

=  266+^+10  =  Q  2235 

ki  =  sum  of  items  4,  5,  6  and  7, 
=  175  +  13  +  22  +  10  =  220. 

Hence, 

*!  =  J™-  -  984 
*2  0.2235 

Interpolating  the  curve  -f-  k*  =  984  on  Fig.  4  and  plotting 
the  curve  of  critical  catenaries  for  the  specified  cable  in  terms 
of  2x  and  c  from  column  3  of  Table  I  and  column  37  of  Table 
III,  respectively,  the  two  curves  are  found  to  intersect  at  the 
point  2x  =  605,  c  =  2730. 

Hence,  the  most  economical  tower  spacing  for  the  cable  and 
climate  specified  in  problem  3  is  605  ft.  (184.4  m.). 

It  will  be  remembered  from  the  analyses  of  the  preceding 
sections  that  the  catenary  at  the  minimum  temperature  under 
the  most  severe  weather  conditions  is  expressed  by 


x 

max.  T  -5-  wi  =  c\  cosh  — 
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The  maximum  tension  max.  T  is  proportional  to  the  size  of  the 
cable  of  a  given  material,  whereas  the  weight  per  unit  length 
Wi  is  not  directly  proportional  to  the  size  of  the  cable  since  the 
ice  and  wind  load  included  in  the  term  W\  does  not  vary  in 
proportion  to  the  size  of  the  cable.  It  will  be  found,  however, 
that  the  variation  of  the  ratio  max.  T  +  w\  decreases  as  the 
size  of  the  cable  increases,  and  that  it  will  be  practically  neg- 
ligible for  large  cables  such  as  are  used  for  long  transmission 
lines.  The  influence  of  temperature  on  the  length  of  the  span 
is  independent  of  the  size  of  cable  and  the  influence  on  the  caten- 
ary formed  by  the  cable  due  to  changes  of  average  tension  along 
the  span  is  also  practically  independent  of  the  size  of  cable, 
remembering  that  the  catenary  changes  due  to  changes  in 
tension  are  proportional  to  the  ratio  av.  T  +  w.  Therefore,  the 
critical  catenary  is  practically  independent  of  the  size  of  cable, 
and  the  curve  on  Fig.  4  representing  critical  catenaries  for  a 
copper  cable  in  a  given  locality  will  be  approximately  fixed  in 
location  for  any  size  of  cable  used  in  long  transmission  lines. 

Since  the  critical  catenary  is  a  function  of  the  range  of  tem- 
perature for  a  given  locality  rather  than  a  function  of  the  magni- 
tude of  the  maximum  or  minimum  temperature,  and  since  the 
extreme  range  of  temperature  does  not  vary  greatly  for  different 
localities  in  spite  of  the  fact  that  the  maximum  or  minimum 
temperatures  may  greatly  differ,  the  critical  catenary  will  be 
but  little  influenced  by  the  location  of  the  span.  Of  course, 
this  generalization  does  not  embrace  span  designs  for  the  tropics 
and  climates  exclusively  controlled  by  the  trade  winds. 

The  most  extraordinary  fluctuations  of  transportation  charges 
and  market  prices  of  labor  and  materials  do  not  influence  the 
ratio  ki  t  ij  to  a  very  great  extent  since  these  factors  jointly 
affect  all  the  cost  items  which  make  up  the  total  cost  of  a  line 
support.  The  sensitiveness  of  this  ratio  to  the  influence  of 
changes  in  the  size  of  the  cable  is  also  very  small  since  both  ki 
and  ki  are  affected  practically  in  the  same  proportion.  In 
comparing  the  magnitude  of  the  item  covering  insulator  cost 
with  the  total  cost  of  the  support,  it  will  be  conceded  that  varia- 
tions in  this  item  also  have  little  influence  on  the  magnitude  of 
the  ratio. 

From  the  above  it  follows  that  for  a  given  cable  material  the 
range  of  variation  of  the  most  economical  tower  spacing  is  very 
small,  no  matter  what  might  be  the  size  of  the  cable  or  the  loca- 
tion of  the  transmission  line  in  climates  other  than  tropical  or 
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subtropical,  or  what  might  be  the  prices  of  commodities  used 
in  the  make-up  of  the  finished  support. 

Supposing  a  conservative  estimate  places  the  range  of  fluctu- 
ations of  the  ratio  jfes  +  between  the  limits  800  and  1200, 
Fig.  4  will  disclose  the  interesting  fact  that  the  most  economical 
tower  spacing  for  a  copper  cable,  ranges  between  the  narrow 
limits  of  580  ft.  (176.7  m.)  and  630  ft.  (192  m.)  for  a  long  trans- 
mission line. 

The  above  analysis  in  connection  with  the  curves  of  Fig.  4 
will  validate  the  statement  that  for  a  copper  cable  the  most 
economical  tower  spacing  is  approximately  600  ft.  (182.8  m.). 
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DESIGN  CONSTRUCTION  AND  TESTS  OF  AN  ARTIFICIAL 
POWER  TRANSMISSION  LINE  FOR  THE  TELLURIDE 
POWER  COMPANY  OF  PROVO,  UTAH 


BY  GEORGE  H.  GRAY 


Abstract  of  Paper 

A  description  is  given  of  an  artificial  power-transmission 
line  which  duplicates,  in  considerable  detail,  an  actual  trans- 
mission system.  Each  unit  of  the  artificial  line  represents 
about  ten  miles  of  the  actual  line. 

Methods  are  givefri  of  calculating  the  correct  distribution  of 
inductance  between  self  and  mutual,  and  of  calculating  the 
correct  distribution  of  capacity  between  wire  and  wire,  and  wire 
and  ground. 

It  is  shown  that  this  artificial  system  will  duplicate  very 
closely,  even  under  extreme  conditions  of  short  circuits  and 
grounds,  many  of  the  phenomena  occurring  on  the  actual  system. 

A  description  is  given  of  some  oscillographic  tests,  made  on 
this  line,  of  the  magnitudes  and  phase  relations  of  current  and 
voltage  at  different  points,  when  the  line  was  subjected  to  various 
types  of  short  circuits  and  grounds. 

The  data  are  presented  in  the  form  of  vector  diagrams;  one  for 
each  point  of  the  line  where  readings  were  taken.  In  addition 
to  the  diagrams,  arrow-headed  lines  are  shown  at  each  station. 
These  indicate  the  magnitudes  and  directions  of  power  flow  for 
each  phase  (as  shown  by  star-connected  wattmeters)  and  the 
total  power  flow. 

It  is  shown  that  the  total  power  flow  is  not  always  toward  the 
short  circuit  (or  ground).  Hence,  two- wattmeter  principle 
relays  will  not  always  indicate  toward  the  short  circuit  (or 
ground)  and  may  sometimes  operate  the  wrong  switch. 

With  a  three-phase  short  circuit  the  direction  of  power  flow 
for  each  phase,  and  consequently  the  direction  of  total  power 
flow,  is  always  toward  the  short  circuit. 

With  a  two- wire  short  circuit,  if  the  phase  rotation  is  A  —  B  — 
C,  and  the  short  circuit  is  between  wires  B  and  C  the  power  flow 
indication  of  the  B  phase  wattmeter  is,  at  all  stations,  toward 
the  short  circuit.  The  wattmeters  for  the  other  phases  may  indi- 
cate away  from  the  short  circuit. 

A  ground  on  a  single  wire  does  not  appreciably  alter  the 
power  flow  indication  of  any  of  the  wattmeters,  if  the  neutral  is 
ungrounded. 

If  the  neutral  is  grounded,  the  power  flow  indication  for  the 
grounded  phase  is  toward  the  ground  at  all  points. 

If  two  wires  are  grounded  at  the  same  time,  with  the  neutral 
grounded,  the  power  flow  indications  are  practically  the  same  as 
for  the  two-wire  short  circuit. 


Introduction 

There  are  three  ways  in  which  an  experimental  study  of  prob- 
lems connected  with  power  transmission  systems  may  be  made: 
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first,  by  using  the  actual  system;  second,  using  an  experimental 
line;  and  third,  using  an  artificial  line.  By  an  "expermental 
line"  is  meant  a  short  length  of  line  of  the  same  type  of  con- 
struction as  the  actual  system.  By  an  "artificial  line"  is  meant 
one  in  which  the  constants  of  the  actual  system  are  obtained  by 
means  of  inductances,  resistances  and  condensers,  usually  lumped 
at  frequent  intervals. 

The  actual  system  would  appear  at  first  glance,  to  be  the  best 
place  to  conduct  experiments,  but  it  has  certain  disadvantages. 
In  most  cases  it  must  be  out  of  commercial  service  while  the 
tests  are  being  conducted;  it  is  almost  impossible  to  make  simul- 
taneous observations  at  different  parts  of  the  system:  in  case 
anything  goes  wrong  there  is  a  chance  that  expensive  apparatus 
may  be  damaged;  and  lastly,  there  is  always  the  possibility  that 
a  switch  which  is  supposed  to  be  closed  may  be  open,  and  vice 
versa. 

An  experimental  line  is  useful  for  studying  the  behavior  of 
insulators,  corona  losses  and  similar  problems,  but  is  of  no  value 
for  studying  surges,  voltage  drop,  or  any  problem  which  requires 
a  long  line. 

The  artificial  line,  however,  has  none  of  these  drawbacks,  and 
for  most  purposes  seems  to  be  the  best  of  the  three.  Its  greatest 
disadvantage  is  that,  in  order  not  to  expend  any  great  amount 
of  power  in  the  line,  the  voltage  must  be  kept  low.  This  elimi- 
nates the  studying  of  such  problems  as  corona  losses,  disturbances 
resulting  from  arc  characteristics,  etc.  The  following  tables 
show  the  relations  existing  between  the  different  quantities  when 
a  40-kilovolt  system  is  represented  by  an  artificial  system  oper- 
ating at  1000  volts: 

Kilovolts         Amperes  Kilowatts 

Actual   40  100  20,000 

Artificial   1  2.5  12.5 

Because  of  their  many  advantages,  several  artificial  systems 
have  been  constructed  during  the  last  few  years.  Most  of  them, 
however,  have  been  built  by  engineering  schools  which,  naturally, 
have  not  been  interested  in  duplicating  any  particular  system. 
Each  artificial  line,  therefore,  has  been  uniform  throughout  its 
entire  length  and  has  been  built  to  represent  a  single  line  (or 
two  parallel  lines)  of  some  standard  type  of  construction. 

The  line  described  here  is  of  a  different  character,  and  is,  it 
is  believed,  the  only  artificial  system  which  duplicates  the  whole, 
or  the  greater  part  of,  an  actual  system.    The  line  was  built 
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about  six  years  ago  by  the  Telluride  Power  Company  (now  a 
part  of  the  Utah  Power  &  Light  Co.) ;  a  hydroelectric  concern 
which  operated,  at  that  time  (besides  other  divisions),  about  500 
miles  of  44-kv.  transmission  line  in  northern  Utah.    This  whole 


Kw 


Fig. 


Utah  division,  with  the  exception  of  one  unimportant  loop,  was 
duplicated  in  the  artificial  system. 

The  artificial  line  was  originally  planned  in  1908  by  Mr. 
Edward  Bennett  (now  Professor  of  Electrical  Engineering  in  the 
University  of  Wisconsin).  His  original  plans  and  computations 
were  used  later  by  Mr.  L.  N.  Crichton  and  the  author,  who  took 
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up  the  work  and  completed  the  line  during  1911,  after  making 
quite  extensive  additions  to  the  plans. 

The  line  was  built  mainly  with  the  idea  of  using  it  to  study  the 
operation  of  some  sectionalizing  relays  which  were  being  develop- 
ed by  the  company.  These  tests,  however,  are  the  subject  of 
another  paper  being  prepared  by  Mr.  Crichton,  and  hence  will 
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Fig.  2 — Types  of  40,000- Volt  Line  Construction— The  Telluride 

Power  Company 

not  be  treated  here.  .  Only  the  details  of  the  line  and  some  tests 
in  which  the  relays  were  not  used  will  be  discussed. 

The  general  layout  of  the  Utah  division  of  the  Telluride  Power 
Company  in  1911  is  shown  by  Fig.  1.  The  total  generating 
capacity  was  a  little  under  24,000  kw.,  most  of  which  was  at 
the  two  ends  of  the  system  (11,000  kw.  at  Grace  and  7,200  kw. 
at  Olmsted).  The  load  averaged  about  14,000  kw.  The  total 
length  of  the  lines  was  a  little  over  500  miles,  covering  about  340 
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miles  of  right  of  way.    About  410  of  the  500  miles  were  repre- 
sented in  the  artificial  system. 

In  Fig.  1  the  duplicated  part  of  the  system  is  shown  in  full 
lines  and  the  balance  in  dotted  lines.  The  duplicated  part,  as 
will  be  seen,  consisted  of  the  Grace  and  Olmsted  power  stations, 
the  parallel  trunks  from  Grace  to  Olmsted  through  Salt  Lake 
City  (about  160  miles),  the  loop  from  Jordan  Narrows  through 
Bingham  and  Garfield  to  Salt  Lake  City  (double  except  between 
Bingham  and  Garfield),  the  substations  at  Bingham  and  Gar- 
field and  the  connection  with  the  Utah  Light  &  Railway  Company 
at  Salt  Lake  City.  The  lengths  of  the  lines,  the  size  and  spacing 
of  conductors,  and  other  such  data  are  given  in  Table  I.  Fig. 
2  shows  the  different  types  of  line  construction. 

DESIGN  AND  CONSTRUCTION 
Transmission  Line 
The  features  of  the  transmission  line  which  must  be  dupli- 
cated or  approximated  are: 

Distributed  inductance  and  capacity. 
Leakage  currents. 

Electromagnetic  coupling  of  phases. 
Electrostatic  coupling  of  phases. 
Resistance  of  line  conductors. 

Distributed  Inductance  and  Capacity.  The  most  feasible  way 
in  which  the  large  inductance  and  capacity  of  the  transmission 
line  may  be  obtained  within  the  limits  of  an  ordinary  room  is  by 
the  use  of  coils  of  wire  and  plate  condensers.  This,  of  course, 
does  not  result  in  distributed  constants,  but  it  has  been  shown 
that,  for  the  frequencies  used  for  the  transmission  of  power  and 
for  the  harmonics  ordinarily  encountered  with  those  frequencies, 
an  artificial  line  constructed  with  the  capacities  lumped  at  fre- 
quent intervals  represents,  to  a  very  close  degree  of  approxima- 
tion, the  actual  line. 

For  example,  if  the  spacing  is  such  that  there  are  ten  conden- 
sers per  wave  length,  most  of  the  phenomena  will  be  duplicated  ^ 
within  1  per  cent.  Since  the  ordinary  60-cycle  power-trans- 
mission line  has  a  wave  length  of  about  3000  miles,  a  spacing 
of  300  miles  is  allowable.  Even  for  the  ninth  harmonic  the 
spacing  may  be  as  great  as  33  miles  without  serious  error.  As 
this  artificial  line  was  composed  of  units,  each  representing  only 
about  ten  miles  of  transmission  line,  errors  due  to  lumping  may 
be  considered  negligible. 
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Each  unit  consisted  of  three  air-core  inductance  coils,  electro- 
magnetically  interlinked,  to  represent  inductive  effects,  with 
condensers  connected  between  the  coils,  and  also  between  each 
coil  and  ground,  to  represent  capacity  effects.  In  addition, 
resistance  wire  was  used  in  series  with  each  coil  to  represent  the 
line  resistance. 

Leakage  Currents,  The  resistance  between  each  line  wire  and 
ground  on  the  actual  system  was  found  to  be  of  the  order  of  300 
megohms  per  mile  under  average  conditions.  On  a  4Q-kv. 
system,  500  miles  long,  having  a  peak  load  of  14,000  kw.  and  cur- 
rent per  wire  of  250  amperes,  this  means  a  total  leakage  current 
of  only  0.038  amperes  per  wire,  and  a  total  watt  expenditure  of 
only  about  three  kilowatts.  These  are  negligible  quantities  and 
no  attempt  was  made  to  approximate  them  on  the  artificial 
system.  The  resistance  of  the  condensers  from  line  to  ground 
was  about  300  megohms  per  ten-mile  unit,  or  3000  megohms 
per  mile,  when  cold. 

Electromagnetic  Coupling  of  Phases.  When  the  three  con- 
ductors of  a  three-phase  line  are  arranged  at  the  vertices  of  an 
equilateral  triangle,  and  the  currents  in  the  three  phases,  are 
balanced,  the  sum  of  the  currents  in  any  two  wires  is  equal  to 
the  current  in  the  third  wire,  and  flows  in  the  opposite  direction. 
Therefore,  the  only  magnetic  flux  which  is  effective  in  producing 
the  inductance  of  any  wire  is  the  flux  due  to  the  current  in  that 
wire  and  which  lies  between  it  and  the  other  two  wires.  This 
flux,  in  absolute  units,  is 

2//(log.£-I)  (1) 

in  which  /  =  length  of  wire  in  centimeters. 

d  =  distance  between  conductors. 

r  =  radius  of  conductor. 

/  =  current  in  absolute  units. 

The  usual  practise  in  line  calculations  is  to  consider  this 
magnetic  flux  as  causing  the  self  inductance  of  the  wire,  thus 
eliminating  the  mutual  inductance  between  wires  or  phases, 
from  the  calculations;  in  which  case  the  self-inductance  of  each 
wire,  to  neutral,  is 

L  =  2  /.(log.  £-1)  (2) 
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If  the  system  were  always  balanced,  it  would  be  satisfactory 
to  represent  the  three  line  wires  in  the  artificial  system  by 
three  separate  coils,  each  having  a  self-inductance  as  determined 
above  and  arranged  so  as  to  have  no  mutual  effects  upon  each 
other.  It  is  evident,  however,  that  such  an  artificial  line  would 
fail  to  represent  unbalanced  conditions.  For  instance,  if  the 
artificial  system  were  operated  with  grounded  neutrals  and  a  heavy 
short  circuit  should  occur  between  one  wire  and  neutral,  it  would 
have  no  effect  upon  the  voltage  between  the  other  wires  and 
neutral;  whereas,  owing  to  the  mutual  inductance  between  con- 
ductors on  the  actual  system,  this  voltage  should  be  affected. 

It  seemed  advisable,  therefore,  to  use  coils  having  the  correct 
inductance  to  represent  the  self-inductance  of  the  wires,  and  to 
arrange  these  coils  so  that  the  correct  mutual  effects  would  be 
obtained  between  them.  This  necessitated  the  determination  of 
the  actual  distribution  of  self  and  mutual  inductance. 

A  method  of  doing  this,  which  seemed  at  first  to  have  some 
merit,  was  to  use  the  formula*  for  the  self-inductance  of  a  single 
straight  conductor.    This  formula  is 

£,  -2/(log.-^-  |)  (3) 

The  corresponding  formula  lor  mutual  inductance  is 

U  «2/(logf  ^-  l)'  (4) 

where  /,  d  and  r  have  the  same  significance  as  in  formula  (1). 
However,  in  the  derivation  of  formula  (4)  all  of  the  flux,  due  to 
wire  1,  between  d  and  infinity,  is  considered  to  be  effective  in 
producing  the  mutual  inductance;  while,  in  the  actual  system, 
in  a  case  like  the  one  cited  above  (with  the  grounded  wire) 
only  the  flux  between  d  and  the  path  of  the  current  in  the  ground 
would  be  effective.  Another  objection  to  this  method  was  that 
a  large  amount  of  copper  would  be  required  to  produce  the  large 
self-inductance.  As  mutual  inductive  effects  were  to  play,  at 
most,  only  a  small  part  in  the  operation  of  the  line,  it  did  not  seem 
wise  to  go  to  this  extra  expenditure  for  copper. 

Hence  it  was  decided  to  approximate,  as  closely  as  possible,  the 

•See  Bulletin  of  the  Bureau  of  Standards,  Vol.  IV,  page  301.  "The 
Self  and  Mutual  Inductances  of  Linear  Conductors,"  by  E.  B.  Rosa. 
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distance  from  the  wire  to  the  path  of  the  return  current  in  the 
ground.  The  accurate  calculation  of  this  distance  was  an  almost 
impossible  problem  because  of  the  unknown  and  variable  re- 
sistances of  the  different  layers  of  soil.  Fifty  feet  was  finally 
selected  as  this  distance,  and  all  of  the  calculations  of  self- 
inductance  and  mutual  inductance  were  made  on  the  assump- 
tion that  the  three  wires  had  a  common  return,  located  fifty  feet 
from  the  conductors. 

The  self-inductance  of  each  wire  was  then  found  from  the 
formula 


0//1      50X12  ,  1\ 


and  the  mutual  inductance  from : 


The  values  given  by  these  three  methods  for  ten-mile  sections 
(the  average  length  of  the  sections  used)  of  No.  2  solid  copper, 
spaced  nine  feet  on  a  side,  are  given  in  the  following  table. 

Inductance  of  10  miles. 
 (1Q-*  henrys) 


Ls  LM  Ls  —  Lu 

Neglecting  mutual  inductance . .       2 . 25  0 . 00  2 . 25 

Return  at  infinite  distance               4 . 95  2 . 70  2 . 25 

Return  50  feet  from  wires                 2 . 80  0 . 55  2 . 25 

The  resulting  inductance  for  balanced  conditions  is  seen  to  be 
the  same,  regardless  of  the  method  used,  but  the  other  values 
vary  widely  in  the  different  methods.  The  first  and  second 
methods  may  be  considered  as  setting  lower  and  upper  limits, 
respectively,  for  the  self  and  mutual  inductances.  The  true 
values  lie  somewhere  between  and  probably  not  very  far  from 
those  given  by  the  third  method. 

Reducing  these  formulas  (assuming  the  return  50  feet  away) 
to  practical  units,  we  obtain,  (for  the  inductance  of  each  wire 
to  neutral) 

Ls  =  0.322  X  10-^2.303  log10  50  *  12  +  henrys  per  mile, 
and 

50  X  12 

Lu  =  0.742  X  10~3logio  — -j  henrys  per  mile. 
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From  these  formulas  the  self  and  mutual  inductances  were 
calculated  for  each  different  type  of  construction.  These  values 
are  given  in  Table  I,  in  the  column  headed  "Constants  per  Mile, 
Calculated". 

In  calculating  the  inductance  and  capacity  for  the  stranded 
wires,  a  value  midway  between  the  diameter  of  the  stranded 
wire  and  that  of  a  solid  wire  having  the  same  cross  section  was 
used  for  the  diameter.  This  is  the  value  given  in  Table  I  in 
the  column  headed  "Equivalent  Diameter". 

The  line  was  divided  into  sections,  each  approximately  ten 
miles  in  length.  The  values  for  the  self  and  mutual  inductances 
of  each  of  these  sections  are  given  in  Table  I,  under  the  heading 
"Constants  per  Unit". 

In  proportioning  the  coils,  Stefen's  Formula*  for  the  self- 
inductance  of  coils  was  used,  and  the  measured  values  of  the 
self-inductance  were  found  to  agree  with  the  computed  values 
to  about  one  half  of  one  per  cent. 

The  coils  were  made  about  six  inches  in  mean  diameter,  and 
were  wound  with  No.  17  double-cotton-covered  copper  wire. 
The  number  of  turns  varied  from  360  to  435.  A  further  means  of 
adjustment  was  provided  by  bringing  out  several  taps  on  each 
coil.  •  The  coils  were  wrapped  with  one  layer  of  half-lap  lin-o- 
tape,  but  were  not  shellacked. 

The  three  coils  to  represent  one  section  were  then  mounted  in 
a  wooden  frame,  as  shown  in  Figs.  5  and  6.  The  correct  self- 
inductance  was  obtained  by  means  of  the  taps  referred  to. 
The  correct  mutual  inductance  between  "side  wires"  was  obtained 
by  adjusting  the  coils  in  the  horizontal  slots;  and  that  between 
the  "center  wire"  and  the  "side  wire"  by  adjusting  the  center 
coil  in  the  vertical  slot. 

The  range  of  inductance  is  illustrated  by  the  values  given  in 
Table  II  for  a  few  of  the  coils. 

Tests  showed  that  the  coils  could  carry  2.2  amperes  continu- 
ously with  a  4Q  degree  rise,  and  that  3.5  amperes  could  be 
carried  for  15  minutes  without  dangerous  heating.  This  cur- 
rent (3.5  amperes),  at  1Q00  volts,  corresponds  to  a  current  on 
the  44-kv.  system  of  154  amperes,  which  was  never  exceeded  for 
any  length  of  time. 

Electrostatic  Coupling  of  Phases.    The  only  arrangement 

•Bulletin  of  the  Bureau  of  Standards,  Vol.  5  No.  1.  "  Formulas  and 
Tables  for  the  Calculation  of  Mutual  and  Self  Inductances  of  Coils  " 
by  Rosa  and  Cohn. 


798  GRAY:  ARTIFICIAL  TRANSMISSION  LINE 


which  will  exactly  represent,  under  all  conditions,  the  capacity 
effects  between  the  wires  of  a  transmission  system  and  ground, 
is  the  exact  geometrical  equivalent,  on  a  small  scale,  of  the  line 
and  earth  immersed  in  a  dielectric  of  very  high  inductive  ca- 
pacity. To  keep  such  a  line  down  to  a  reasonable  length,  a  di- 
electric would  be  needed  having  a  specific  inductive  capacity  of 
5000  or  more.  No  such  dielectric  exists,  so  an  arrangement  was 
adopted  in  which  properly  proportioned  plate  condensers  were 
connected  between  the  conductors,  and  between  conductors  and 


TABLE  II. 


Coil  data.  Inductance  in  10""*  henries. 


Inst.  No. 

Coil  No. 

Li 

Li 

L, 

L4 

L. 

L. 

*e 

15 

2 

57 

2 

61 

2 

66 

2 

71 

2 

78 

2 

83 

3.04 

53 

44 

2 

57 

2 

61 

2 

66 

2 

71 

2 

78 

2 

83 

3.13 

61 

2 

56 

2 

61 

2 

66 

2 

71 

2 

78 

2 

83 

3.14 

47 

2 

56 

2 

60 

2 

65 

2 

70 

2 

76 

2 

84 

3.06 

54 

65 

2 

58 

2 

61 

2 

66 

2 

70 

2 

76 

2 

83 

3.19 

64 

2 

56 

2 

60 

2 

65 

2 

70 

2 

76 

2 

84 

3.18 

128 

2 

83 

2 

89 

2 

95 

2 

99 

3 

06 

3 

17 

3.29 

55 

129 

2 

85 

2 

90 

2 

96 

3 

00 

3 

07 

3 

17 

3.29 

131 

2 

83 

2 

88 

2 

94 

2 

98 

3 

05 

3 

15 

3.28 

114 

3 

00 

3 

05 

3 

11 

3 

15 

3 

22 

3 

31 

3.43 

56 

111 

3 

01 

3 

07 

3 

14 

3 

18 

3 

25 

3 

36 

3.43 

113 

2 

97 

3 

02 

3 

09 

3 

12 

3 

20 

3 

30 

3.43 

117 

2 

03 

3 

00 

3 

06 

3 

10 

3 

18 

3 

29 

3.42 

57 

112 

2 

95 

3 

01 

3 

07 

3 

19 

3 

29 

3.47 

115 

2 

95 

3 

02 

3 

08 

3 

12 

3 

20 

3 

30 

3.40 

120 

2 

78 

2 

83 

2 

89 

2 

93 

3 

01 

3 

12 

3.41 

58 

121 

2 

78 

2 

83 

2 

89 

2 

93 

3 

01 

3 

11 

3.40 

126 

2 

81 

2 

87 

2 

94 

2 

98 

3 

05 

3 

15 

3  41 

ground,  as  shown  in  Fig.  3A.  This  arrangement,  as  will  be  seen 
later,  approximates  very  closely  the  true  distribution  of  capacity. 

The  capacities  of  these  condensers  were  calcu- 
lated as  follows:  *• « 

Since  the  earth  may  be  treated  as  an  infinite 
equipotential  plane,  the  actual  transmission 
system  (consisting  of  the  earth's  surface,  con- 
ductors and  ground  wires)  is  the  exact  duplicate  of  the  upper 
half  of  the  electrical  distribution  which  would  be  found  between 
the  actual  conductors, 1  with  their  charges,  and  the  images  of 
those  charges  with  reference  to  the  earth's  surface. 
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Replacing  the  equipotential  plane,  then,  by  the  images  of  the 
conductors  and  their  charges,  the  potential  above  ground  of 
any  wire  (say  No.  1)  is  found  to  be 

Vl  =  2gi  log.         +  2q2  log.         +  2q,  log.  ^  +  

T\  CLi  dz 

in  which  there  is  one  term  for  each  wire'.  qu  gj,  ga,  etc.  repre- 
sent the  quantities  per  unit  length  on  the  various  conductors, 
ri  is  the  radius  of  wire  No.  1.  Du  D2,  D*t  etc.  are  the  distances 
from  conductor  No.  1  to  the  images,  and  du  d%,  d$t  etc.  are  the 
distances  from  No.  1  to  the  other  conductors.  (For  the  de- 
rivation of  this  formula,  see  Appendix  A). 

By  obtaining  as  many  of  these  equations  as  there  are  unknown 
quantities  q>  solving  for  the  q's,  the  quantity  q  on  any  con- 
ductor (and  its  phase  relation)  can  finally  be  expressed  in  terms 
of  the  potentials  of  the  conductors. 

These  calculations  were  made  for  wires  No.  1  and  No.  2,  with 
the  system  ungrounded  and  for  wire  No.  1  with  the  center  wire 
grounded,  assuming  the  voltages  to  remain  balanced  in  both  cases. 

Letting  x,  y,  z  and  w  represent  the  values  of  the  capacities 
(connected  as  shown  in  Fig.  3A)  the  displacements  CV  across 
the  three  condensers  connected  to  one  wire  were  added  (vec- 
torially)  and  the  sum  put  equal  to  the  quantity  qi  or  q2  found  by 
calculation  for  that  wire.  From  these  equations  the  values  for 
the  condensers  x,  y,  z,  and  w  were  easily  found. 

These  condenser  values  were  calculated  for  each  different  type 
of  construction,  and  are  given  in  Table  I,  under  the  heading 
"Constants  per  Mile,  Calculated' \  The  complete  set  of  calcu- 
lations for  one  type  is  given  in  Appendix  B. 

The  following  values  are  taken  from  the  calculations  in  Ap- 
pendix B.  They  represent,  in  10~8  coulombs,  the  quantities 
on  the  different  conductors  per  mile;  assuming  that  the  voltages 
to  ground  are:  A  sin  a,  A  sin  (a  —  120  deg.),  and  A  sin 
(a—  240  deg.),  for  the  three  conductors. 

Left       1.339  A  sin  (a  +  0.55  deg.) 
Center    1.316  A  sin  (a  -  120  deg.) 
Right      1.339  A  sin  (a  -  240.55  deg.) 

Since  the  potential  of  the  left  conductor  to  ground  is  A  sin  a 
and  that  of  the  center  conductor  A  sin  (a  —  120  deg.),  the 
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capacities  of  these  conductors  are  seen  to  be  1.339  and  1.316 
X  10"*  farads  per  mile.    The  usual  formula,  C  =   — -p 

gives  the  capacity  as  1.329  X  1Q"8  farads  per  mile.  This  is 
between  the  true  values  given  above.  (1.339  and  1.316),  and  is 
very  nearly  equal  to  the  average  of  the  capacities  of  the  three 
conductors. 

How  closely  this  artificial  arrangement  approximates  the 
actual  conditions  is  seen  by  considering  several  extreme  cases. 
For  example,  if  both  outside  conductors  are  earthed,  the  capacity 
of  the  center  conductor  to  earth  is  1.112  X  10""8  farads.  In  the 
artificial  system  it  is  1.112  X  10"8.   If  all  three  conductors  are 


Fig.  3 — Construction  of  Condensers  X,  Zu  Z%,  W,  K„  Y%  Connected 
as  Shown  to  Left —  /  and  g  Represent  Extra  Plates  Used  in 
Adjusting 


connected  together,  their  capacity  to  earth  is  2.209  X  10""8  far- 
ads. In  the  artificial  system  it  is  2.204  X  1Q""8.  The  capacity 
of  the  right  conductor  to  earth,  the  other  two  being  insulated,  is 
1 .058.  The  artificial  system  gives  1 .059.  For  the  center  conduc- 
tor the  values  are  1.023  and  1.024. 

The  condensers  consisted  of  lead  foil  plates,  separated  by  three 
thicknesses  of  ordinary  letter  paper  (Colorado  Bond.)  Extra 
sheets  were  added  between  the  different  groups  and  a  \  in.  pine 
board  was  used  between  the  line-to-line  and  the  line-to-ground 
groups. 

The  plates  were  of  0.0015-in.  lead  foil,  each  4  in.  by  8  in.,  with 
a  tab  for  connecting  alternate  plates  together.  A  few  plates 
were  left  unconnected  at  the  end  of  each  group,  to  be  used  in 
adjusting  the  condenser  to  the  correct  value. 
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Each  condenser  was  tested  at  2000  volts  for  one  minute. 
They  will  operate  continuously  at  1000  volts,  60  cycles,  without 
dangerous  heating. 

Fig.  3  shows,  diagrammatically,  the  construction  of  the  con- 
densers. 

The  capacity  of  each  group  of  plates  and  the  possible  adjust- 

TABLE  III. 


Condenser  data.  *  Capacities  in  10-8  farads 


Cond.  No. 

56 

57 

58 

59 

60 

With  stand 

number. 

36 

27 

52 

26 

40 

Zi 

8.01 

6.66 

6.76 

7.09 

7.86 

Zi  +g 

8.01 

6.88 

6.76 

7.37 

8.10 

Zi  +g  +  1 

8.68 

7.11 

7.36 

7.67 

8.34 

Zi  +  1 

8.33 

6.66 

6.91 

7.09 

7.86 

X 

7.85 

6.55 

6.34 

6.41 

7. 12 

X  +  g 

7.85 

6.55 

6.34 

6.41 

7.27 

X  4-  a  -4-  1 

8. 55 

7.05 

6.91 

6. 98 

7.53 

X  +  1 

8.20 

6  90 

6.71 

6.80 

7.21 

Zx 

8.68 

6.78 

6.71 

6.80 

7.65 

Zt  +g 

8.68 

7.02 

7.06 

7.09 

7.86 

Zt  +  g  +  1 

9.30 

7.29 

7.30 

7.34 

8.08 

Zt  +  1 

9.01 

6  78 

6.71 

6.80 

7.65 

Yt 

1.84 

1.84 

1.83  * 

1.98 

1.89 

Yi  +« 

1.95 

1.84 

1.83 

1.98 

1.97 

Yi  +  g  +  1 

2  19 

2.30 

2.31 

2.52 

2.21 

Yi  +  1 

1.84 

2.10 

2.04 

2.28 

1.89 

Yt 

.  2.15 

1.84  ' 

1.89 

2.02 

1.82 

Yt+g 

2.25 

2.07 

2.14 

2.32 

1.92 

Yt  +  g  +  1 

2.62 

2.22 

2.28 

2.43 

2.14 

Yt  +  1 

2  36 

1.84 

1.89 

2.02 

1.82 

W 

0.62 

1.67 

1.89 

1.74 

0.60 

W  +g 

0.86 

1.89 

1.89 

1.74 

0.81 

W  +g  +  1 

1.08 

2.07 

2.45 

2.28 

1.04 

W  +  1 

0.62 

1.67 

2.18 

2.02 

0.60 

ment  obtainable  with  the  extra  end  plates,  is  shown  by  Table 
III  for  a  few  of  the  condenser  units. 

Resistance  of  Line  Conductors.  The  resistance  of  the  induc- 
tance coils  was  approximately  three  ohms,  or  0.3  ohm  per  mile. 
Therefore,  by  connecting  an  additional  resistance  in  series  with 
the  coils,  any  conductor  up  to,  and  including  number  00Q  copper 
could  be  represented.   This  was  larger  than  any  in  use  on  the 
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system.  These  external  resistances  were  made  of  such  a  value 
that  the  combined  resistance  of  the  coil  and  external  resistance, 
when  carrying  normal  current,  was  equal  to  the  resistance  of  the 
corresponding  section  of  the  actual  line  at  the  average  temper- 
ture,  20  deg.  cent. 

The  external  resistances  were  of  No.  18  Nichrome  wire, 
wound  in  the  form  of  spiral  springs  about  f  in.  in  diameter. 
Each  coil  was  connected  between  a  binding  post  of  the  coil- 
stands  and  the  correct  tap  of  an  inductance  coil,  as  shown  in 
Fig.  5. 

These  coils,  or  "spirals,"  were  found  to  have  only  a  very  small 
inductance,  (less  than  the  difference  between  adjacent  taps  of 
the  coils)  so  that  their  effect  on  the  inductance  was  negligible. 

The  resistances  of  the  inductance  coils  shown  in  Table  II  are 
given  in  the  column  headed  These  are  the  total  resistances, 
at  20  deg.  cent,  not  the  resistance  of  the  particular  tap  which  was 
used.  Table  I,  column  headed  "External  Resistance,  (Approx.)" 
shows  approximately  the  amount  of  resistance  required  per  line 
wire  per  section.  This  is  only  an  average  value,  since  the  resistance 
of  the  different  coils  in  the  same  section  was  found  to  be  different. 

Assembly  of  Line.  Fig.  5  shows  the  method  of  assembling  the 
units.  The  condensers  were  tapped  in  between  the  resistance  and 
the  inductance  of  each  unit,  and  placed  to  one  side  of  the  coil- 
stands. 

Tests  were  made  to  determine  the  mutual  inductance  between 
units,  and  also  the  effect  on  the  inductance  of  the  iron  straps 
with  which  the  condensers  were  bound.  Both  of  these"  were 
found  to  be  negligible. 

The  boards  shown  between  tiers  were  inserted  in  order  to 
facilitate  the  removal  of  any  unit  for  repairs  or  alterations. 

Transformers 

The  artificial  system  was  operated  at  about  1000  volts  from 
the  230-volt,  three-phase,  60-cycle  laboratory  mains,  by  means 
of  two  banks  of  step-up  transformers;  one  connected  to  the 
Grace  and  the  other  to  the  Olmsted  station  of  the  artificial  sys- 
tem. Step-down  transformers  were  used  at  the  three  substations 
and  at  the  Salt  Lake  station  two  V-connected  potential  trans- 
formers were  also  used. 

The  actual  transformers  were  connected  A-Y  at  Grace  and  Salt 
Lake  and  A-A  at  Olmsted.  As  only  one  three-phase  source  was 
available  for  the  artificial  system,  these  two  different  connections 
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could  not  be  used.  The  Olmsted  transformers  were,  therefore, 
connected  A-Y,  to  correspond  with  the  connections  at  the  other 
two  stations.  Taps  were  provided  at  the  proper  .points  on  the 
high-tension  side  to  adapt  them  to  A-A  operation,  in  case  a 
second  supply  should  become  available.  Additional  taps  were 
provided  on  the  low-tension  side  of  all  transformers. 

Two  series  transformers  were  used  in  the  lines  of  the  artificial 
system  at  each  of  the  three  substations,  to  supply  current  to  the 
relays. 

Generators 

The  generators  were,  as  stated  before,  the  supply  mains  of  the 
laboratory.  It  was  thought  advisable,  however,  to  provide  a 
gradual  decrease  in  the  short-circuit  current,  similar  to  that 
brought  about  in  the  actual  System  by  the  demagnetizing  action 
of  the  short-circuit  currents  on  the  generator  fields.  To  accom- 
plish this,  the  "artificial  generators"  shown  in  Fig.  5  were  con- 
structed, and  connected  to  the  system  at  Grace  and  Olmsted 
and  at  the  Salt  Lake  substation.  Each  generator  consisted  of 
three  coils,  one  in  series  with  each  line  wire.  An  iron  core  was 
*  held  by  a  spring  above  each  coil  and  with  its  end  just  entering 
the  coil.  When  the  line  current  became  excessive,  the  core  was 
pulled  into  the  coil,  thus  considerably  decreasing  the  current. 
The  desired  rate  of  decrease  was  obtained  by  means  of  the 
dash  pots  shown.  When  the  disturbance  was  removed  the  core 
returned  automatically  to  its  former  position. 

Load 

The  loads  at  Bingham  and  Garfield  were  taken  care  of  by  the 
shop  motors  in  combination  with  some  carbon  lamps.  A  power 
factor  and  load  at  each  place  equivalent  to  those  on  the  actual 
system  could  thus  be  obtained. 

The  situation  at  the  Salt  Lake  substation  was  rather  peculiar. 
The  Utah  Light  and  Railway  Company  bought  considerable 
power  at  that  point,  but  also  ran  their  generators  in  parallel  with 
those  of  the  Telluride  system.  Thus,  under  short-circuit  condi- 
tions, power  would  sometimes  flow  back  into  the  system.  This 
situation  was  met  in  the  artificial  system  by  raising  the  voltage 
on  the  low-tension  side  of  the  Salt  Lake  transformers  and  con- 
necting them  to  the  supply  mains.  Thus  power  was  made  to 
circulate  around  the  system,  coming  in  at  the  Grace  and  Olmsted 
stations  and  flowing  out  at  Salt  Lake.  Wattmeter  measurements 
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made  d~n*:  ooe  of  the  tests  shoved  a  load  of  2.1  kw.  at  Salt 
Lake  with  only  0.3  kw.  g-grrng  izxxn  the  laboratory  mains.  Of 
cocrse.  with  a  sh-?rt  circuit  near  the  s^b5tati:>n.  the  direction  of 
power  now  was  reversed. 
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A  ground  could  be  studied  by  means  of  the  grounding  device 
shown  below  the  short-circuiting  switch.  This  consisted  of 
three  carbon  arcs,  the  front  carbons  of  each  being  connected  to 
ground  (the  condenser  neutrals),  and  the  back,  by  means  of 
lamp  cord  and  a  plug,  to  any  wire  at  the  point  where  it  was  de- 
sired to  have  a  ground.  Either  a  solid  or  an  arcing  ground  could 
thus  be  represented,  and  the  character  of  the  arc  could  be 
varied  by  changing  its  length  or  by  using  different  electrode 
materials. 

The  switches  at  Bingham,  Garfield,  and  Salt  Lake  were  made 
automatic  and  were  worked  from  the  relays,  previously  referred 
to,  by  means  of  a  trigger  and  spring. 

TESTS  ON  ARTIFICIAL  LINE 
Description  op  Tests 

On  a  power-transmission  system  where  each  line  is  a  unit  in 
itself,  simple  overload  relays  are,  in  general,  satisfactory  for 
tripping  off  grounded  or  short-circuited  line$.  If  the  lines  are 
interconnected,  however,  as  in  a  network,  some  other  device 
must  be  employed  in  order  that  only  the  section  upon  which  the 
trouble  is  located  may  be  disconnected.  For  this  purpose  some 
form  of  differentially  selective  relay  is  generally  used.  All  such 
relays  depend,  for  their  action,  upon  conditions  in  the  power 
lines,  which  show  the  direction,  and  in  some  cases  the  approxi- 
mate location,  of  the  disturbance. 

Probably  the  most  common  form  of  differentially  selective 
relay  is  the  wattmeter  relay.  This  is  provided  with  two  current 
and  two  potential  coils,  and  is  connected  to  the  circuit  according 
to  the  well  known  "two- wattmeter  method* '  for  measuring 
power.  Two  wattmeters,  it  can  be  shown,  will  correctly  measure 
the  total  amount  of  power  flowing  in  a  three-wire  circuit  and 
will  also  indicate  the  direction  in  which  that  power  is  flowing. 
Hence,  if  a  "two-wattmeter  relay"  is  properly  connected  to  a 
circuit  its  moving  element  should  swing  in  one  direction  or  the 
other  according  to  the  direction  in  which  power  is  flowing  in 
that  circuit. 

It  is  generally  assumed  that,  with  a  short  circuit  in  a  given 
section  of  a  network,  power  is  flowing  toward  the  short  circuit 
from  both  ends  of  that  section.  Therefore  two-wattmeter 
relays  located  at  the  ends  of  the  section  should  indicate  toward 
the  short  circuit,  and  if  combined  wit^i  suitable  overload  devices' 
should  disconnect  that  section  of  line. 
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A  little  consideration  will  show,  however,  that  it  might  be 
possible  for  the  short-circuit  power  passing  a  given  point  toward 
a  single-phase  short  circuit  to  be  less  than  the  load  power 
flowing  in  the  other  direction,  over  the  other  two  phases.  Under 
these  conditions  a  two-wattmeter  relay  placed  at  that  point 
would  indicate  away  from  the  short  circuit  and,  if  it  operated 
at  all,  would  operate  the  wrong  switch. 

This  is  something  which  has  frequently  happened  in  practise, 
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Fig.  7 — Connections  for  Short-Circuit  and  Ground  Tests 


and  it  was  also  verified  by  preliminary  tests  upon  the  artificial 
line.  It  seemed  desirable,  therefore,  to  determine  the  actual 
phase  relations  and  magnitudes  of  the  currents  and  voltages  at 
several  points  along  a  line,  under  different  conditions  of  short 
circuits  and  grounds,  in  the  hope  that  such  tests  would  "bring 
out  a  method  of  connecting  relays  so  that  they  would  in  all  cases 
indicate  toward  the  disturbance. 

For  such  tests  the  artificial  line,  combined  with  an  oscillograph, 
was  admirably  suited,  af  simultaneous  observations  could 
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readily  be  made  at  any  stations  desired.  To  simplify  matters, 
only  a  part  of  the  artificial  line  was  used,  connected  as  shown  in 
Fig.  7.  For  all  of  the  tests  power  was  supplied  through  the  Grace 
transformers  and  the  two  lines  between  Grace  and  Salt  Lake  were 
used,  paralled  at  both  ends.  The  load  was  in  all  cases  assumed 
to  be  at  Salt  Lake.  When  the  Bingham  and  Garfield  trans- 
formers were  used,  the  line  losses  between  Salt  Lake  and  these 
stations  were  treated  as  part  of  the  load.  The  load  consisted 
of  incandescent  lamps  combined  with  the  shop  motors,  running 
idle,  to  give  a  lagging  power  factor.  Attempts  to  use  the  motors 
alone  did  not  work  well  for  it  was  found  impossible  to  load  them 
with  brakes  and  keep  the  load  steady.  In  some  of  the  tests,  two 
banks  of  transformers  were  used:  one  carrying  load  and  the 
other  unloaded.  The  ground  or  short  circuit  (indicated  by  the 
cross  on  Fig.  7)  was  put  on  the  East  line  at  Farmington,  in  such 
a  position  that  the  currents  could  be  obtained,  at  Farmington, 
on  both  sides  of  the  trouble. 

In  what  follows  "ground"  always  refers  to  the  midpoints  of 
the  condensers  (all  of  which  were  connected  together),  and 
"neutral"  to  the  midpoint  of  the  star-connected  transformers. 
The  stations  where  the  measurements  were  taken  will  hereafter 
be  designated  by  giving  their  distance,  in  miles,  from  the  gen- 
erator end  of  the  line,  instead  of  by  the  actual  name  of  the 
station.  Thus  Grace,  the  generating  station,  is  called  Station  0, 
Farmington,  which  is  113  miles  from  Grace,  is  called  Station  113, 
etc.  This  gives  more  meaning  to  the  relative  magnitudes  of  the 
current  and  voltage  vectors  at  different  points. 

The  phase  relations  between  the  currents  and  the  voltages 
at  a  station  were  determined  at  a  number  of  points  for  six 
different  conditions  of  the  line,  namely:  normal  condition,  three- 
wire  short  circuit,  two-wire  short  circuit,  ground  on  one  wire 
with  neutral  of  transformers  ungrounded,  ground  on  one  wire 
with  neutral  grounded,  and  grounds  on  two  wires  with  neutral 
grounded.  Using  the  current  and  voltage  plugs,  previously 
described,  oscillograms  of  the  three  currents  and  the  three  volt- 
ages to  ground  (the  midpoint  of  the  condensers)  were  obtained 
at  each  station  desired.  Measurements  on  these  gave  the  mag- 
nitudes and  phase  relations  of  the  three  currents  and  voltages  at 
that  station.  The  vector  representing  the  voltage  between  the 
A  wire  and  ground  at  Station  0  was  then  taken  as  the  reference 
vector.  By  taking  additional  oscillograms  showing  this  voltage 
and  one  of  the  currents  and  voltages  at  another  station,  the  lag 
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of  any  current  or  voltage  behind  the  reference  voltage  was 
obtained.  The  measurements  were  made  in  most  cases  on  the 
second  cycle  after  the  short  circuit  or  ground  occurred.  When 
only  one  or  two  voltage  waves  were  being  photographed,  the 
other  vibrator  circuits  were  replaced  by  equal  resistances. 

Discussion  op  Oscillograms 

Several  typical  oscillograms,  taken  during  these  tests,  are 
shown  and  discussed. 

On  most  of  these  oscillograms  the  waves  are  shown  for  a  few 
cycles  of  normal  operation.  Then  the  short  circuit  or  ground 
occurs  and  the  waves  may  be  seen  changing  to  their  final  mag- 
nitudes and  phases.  At  the  instant  the  change  takes  place,  the 
waves  are  very  irregular.  This  is  largely  because  of  an  uncertain 
contact  in  the  short-circuiting  or  grounding  switch  at  the  moment 
of  closing.  As  the  transient  effects  were  not  being  studied,  no 
attempt  was  made  to  correct  this. 

In  all  of  these  oscillograms  time  is  increasing  from  left  to  right. 
Unless  otherwise  noted,  the  top  wave  shows  the  current,  or  volt- 
age, for  the  A  phase,  the  center  wave  for  the  B  phase,  and  the 
bottom  wave  for  the  C  phase.  It  will  be  noted  that  the  order  in 
which  the  waves  attain  their  peak  values  is  top — center — 
bottom,  making  the  phase  rotation,  A-B-C.  In  most  cases  the 
zero  lines  are  also  shown. 

The  lettering  on  each  oscillogram  shows  the  conditions  under 
which  it  was  taken  so  that  it  is  necessary  here  merely  to  point 
out  some  of  the  interesting  features. 

The  first  five  oscillograms,  Figs.  8a,  8b,  8c,  8d  and  8b, 
show  conditions  which  exist  when  the  B  wire  is  grounded,  with 
the  neutral  of  the  transformers  ungrounded. 

In  Fig.  8a  the  voltages  of  the  ungrounded  wires  are  seen  to 
rise  almost  to  delta  voltage,  while  the  B  voltage  decreases  very 
decidedly.  This  voltage  does  not  fall  to  zero  because  of  the  drop 
in  the  wire  between  the  point  where  the  oscillogram  was  taken, 
and  the  point  where  the  wire  was  grounded.  (The  voltages 
shown,  it  will  be  remembered,  are  those  between  each  wire  and 
the  mid-points  of  the  condensers;  or  those  which  would  be 
obtained  on  an  actual  system  between  wires  and  ground). 
Fig.  8b  shows  a  slight  increase  in  the  magnitude  of  the  current 
in  the  grounded  wire,  and  a  change  in  wave  shape  for  all  three 
currents.  There  is  a  very  peculiar  distortion  in  the  waves  the  in- 
stant the  ground  occurs,  and  also  a  slight  shift  in  phase.  Fig. 
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8c  shows  much  the  same  effects  as  were  brought  out  in  Fig.  8a. 
They  are  more  pronounced,  however,  because  this  oscillogram 
was  taken  much  nearer  to  the  grounded  point  of  the  line.  The 
comments  given  for  Fig.  8b  apply  also  to  Figs.  8d  and  8b. 

Figs.  9a,  9b,  9c,  9d  and  9e  illustrate  the  grounding  of 
the  B  and  C  wires  when  the  neutral  of  the  transformers  is 
grounded.  Fig.  9a  shows  the  three  voltages  at  a  point  near 
where  the  wires  were  grounded  and  Fig.  9  b  shows  the  currents 
flowing  out  from  the  generating  station  over  the  East  line,  upon 
which  the  ground  was  placed.  Both  of  these  oscillograms  show 
the  effects  which  would  be  expected,  and  require  no  discussion. 
The  middle  wave  on  Fig.  9c  shows  the  B  current  at  Station  128, 
flowing  to  the  motor  load.  At  the  instant  the  ground  is  thrown 
on  this  is  seen  to  shift  in  phase  by  about  180  degrees,  due  to  the 
fact  that  the  motor  pumps  power  back  into  the  line.  The 
current  then  slowly  decreases  in  magnitude  and  changes  in 
phase  as  the  motor  slows  down.  The  lower  wave,  (showing  the 
current  at  the  load  end  of  the  East  line)  also  reverses,  but  this  is 
because  the  current  in  that  wire  now  flows  toward  the  grounded 
point  instead  of  toward  the  load.  The  two  lower  waves  on  Fig. 
9d  show  the  currents  flowing  in  the  neutrals  at  the  generator 
and  load.  There  is,  of  course,  no  current  until  the  wires  are 
grounded. 

Fig.  9b  is  a  very  interesting  one.  This  shows  the  currents 
flowing  to  a  bank  of  unloaded  transformers,  connected  star- 
delta.  Before  the  wires  are  grounded  the  three  currents  are  very 
small  and  differ  in  phase  by  120  degrees.  With  the  grounds  on 
the  system  these  currents  all  increase  to  about  the  same  magni- 
tude and  are  all  in  phase  with  each  other.  The  probable  explana- 
tion of  this  is  given  later  under  the  discussion  of  Fig.  16. 

Figs.  10a,  10b,  10c  and  10d  show  the  current  and  voltage 
waves  for  a  few  cycles  before  and  after-  a  three-phase  short 
circuit  is  thrown  on  the  system.  Fig.  10a  shows  the  currents 
in  the  load  end  of  the  East  line.  When  the  short  circuit  occurs 
the  direction  of  power  flow  is  reversed:  becoming  toward  the 
short  circuit.  Hence,  the  direction  of  current  flow  reverses  and 
the  currents  are  seen  to  change  in  phase  by  approximately 
180  degrees.  Fig.  10b  shows  the  currents  taken  by  the  motor 
load.  These  reverse  because  of  the  pumping-back  action  of  the 
motor,  and  then  decrease  toward  zero  as  the  motor  slows  down. 
Fig.  10c  shows  the  voltage  waves  at  three  different  points  oh 
the  system.   The  magnitudes  of  the  waves  are  roughly  propor- 
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tional  to  the  distances  from  the  short  circuit.  The  center  and 
bottom  waves  of  Fig.  10d  show  the  current  at  the  generator  end 
of  the  East  and  West  lines,  respectively. 

Description  of  Figures 
Figs.  11,  12,  13,  15,  16  and  17  were  drawn  from  measurements 
made  on  these  oscillograms  and  on  others  not  shown  here.  These 
figures  show  the  magnitudes  and  phase  relations  of  the  currents 
and  voltages  at  both  ends  of  the  line  and  at  several  intermediate 
points. 

In  explanation  of  the  figures,  it  may  be  said  that  the  vectors 
are  assumed  to  be  rotating  counter  clockwise,  or  that  the  phase 
rotation  is  A-B-C.  The  lines  from  G  to  the  vertices  of  the 
triangles  represent,  in  magnitude  and  phase,  the  peak  voltages 
between  each  wire  and  ground;  the  sides  of  the  triangles  con- 
sequently represent  the  line  voltages.  The  peak  currents  in  the 
A,  B  and  C  wires  are  represented  by  tfte  vectors  marked  JA, 
J„ ,  and  Jc  respectively.  At  Station  1 13  (East  Lii^e)  two  diagrams 
are  shown;  one  for  the  conditions  on  each  side  of  the  short  circuit 
or  ground.  The  diagrams  marked  "Generator"  were  obtained 
by  adding  vectorially  the  currents  for  the  two  lines,  as  no  oscillo- 
grams were  taken  at  this  point.  In  Figs.  15,  16  and  17  dotted 
lines  are  drawn  from  the  vertices  of  the  triangles  to  a  point 
marked  O.  These  lines  are  the  medians  of  the  triangles,  and 
represent  the  voltages  which  would  be  impressed  on  three  equal 
impedances  connected  in  star  between  the  wires,  with  the  neutral 
free:  such,  for  instance,  as  the  potential  coils  of  three  star- 
connected  wattmeters  or  relays. 

For  Figs.  11,  12  and  13  (normal  condition,  three-wire  and  two- 
wire  short  circuits)  these  medians  coincide  with  the  vectors  repre- 
senting the  voltages  to  ground,  since  the  latter  are  voltages 
impressed  on  three  equal  impedances  connected  in  star. 

In  all  of  the  tests  the  voltages  to  ground  were  obtained  from 
the  oscillograms,  and  the  voltages  represented  by  the  medians 
were  used  in  computing  the  wattmeter  readings,  now  to  be 
discussed. 

The  four  straight  lines  shown  at  each  station  between  the 
diagrams  for  the  East  and  West  lines  represent  (to  scale) 
the  readings  which  would  be  given  by  three  star-con- 
nected wattmeters  at  that  point,  and  the  sum  of  the  three 
readings.  These  were  obtained  by  multiplying  each  star  (me- 
dian) voltage  by  the  "in  phase"  component  of  its  corresponding 
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current.  These  computations  are  shown  in  Tables  IV-IX, 
inclusive.  Numerous  small  discrepancies  appear  in  these  data; 
such,  for  instance,  as  the  generator  wattage  not  being  equal  to 

Calculation  of  Wattmeter  Readings  for  Bach  Station 
The  column  headed  "Total  Watts"  shows  the  magnitude  and  direction  of  the  flow  of 
power  at  each  station.    (Power  which  flows  from  the  generator  to  the  load  is  assumed  to 
be  positive.    Power  flowing  toward  the  generator  is  assumed  to  be  negative.) 

The  column  headed  "Watts  per  Phase"  shows  the  readings  which  would  be  given  by 
three  star-connected  wattmeters  having  the  neutral  of  the  potential  coils  free. 

TABLE  IV. 


Test  No.  1.    Normal  condition.. 


Peak  current 

Line 

Peak 

Watts 

Total 

Station 

or 

Wire 

Voltage 

"In-phase" 

per 

watts. 

switch 

Actual 

Component 

phase. 

Generator 

A 

931 

2.05 

2.00 

931 

B 

894 

2.10 

2.07 

925 

2840 

C 

875 

2.30 

2.24 

980 

0 

West 

A 

931 

1.00 

0.97 

450 

B 

894 

1.05 

1 .03 

460 

1380 

C 

875 

1. 10 

1.07 

469 

0 

Bast 

A 

931 

1.05 

1.03 

480 

B 

894 

1.15 

1..  15 

515 

1500 

C 

875 

1.25 

1.15 

503 

113 

West 

A 

1.05 

B 

1.10 

C 

1.20 

113 

Bast 

A 

780 

1.10 

0.97 

378 

B 

780. 

1.30 

0.93 

362 

1080 

C 

740 

1.20 

0.97 

359 

128 

West 

A 

798 

1.05 

1.03 

411 

B 

780 

1  10 

1.03 

401 

1170 

C 

740 

1.20 

0.97 

359 

128 

Bast 

A 

798 

1.10 

0.95 

379 

B 

780 

1.30 

0.95 

370 

1130 

C 

740 

1.25 

1.03 

381 

128 

Loaded 

A 

798 

1.85 

1.79 

715 

transformers 

B 

780 

2.05 

1.90 

741 

2120 

C 

740 

2.00 

1.79 

661 

128 

Unloaded 

A 

798 

0.30 

0.14 

56 

transformers 

B 

780 

0.25 

0.14 

55 

163 

C 

740 

0  30 

0  14 

52 

the  sum  of  the  wattages  of  the  two  lines.  These  discrepancies 
are  easily  explained,  however,  when  it  is  recalled  that  the 
calibration  of  an  oscillograph  is,  at  best,  somewhat  doubtful; 
that  the  maximum  deflection  on  the  oscillograms  rarely  exceeded 
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one  half  of  an  inch;  and  that  after  the  currents  had  been  scaled 
and  plotted,  their  "in  phase"  components  (often -very  small) 
had  to  be  scaled  again  from  the  drawing.  Hence  a  high  degree 
of  accuracy  should  not  be  expected. 


table  v. 

TEST  NO.  2.    THREE-WIRE  SHORT  CIRCUIT. 


Station 

Line 
or  switch 

Wire 

Peak 
Voltage 

Peak  current 

Watts 

Total 
watts 

Actual 

"In-phase" 
Component 

per 
phase 

Generator 

'a 

780 

9.55 

5.66 

2210 

B 

770 

10.95 

6. 14 

2360 

6450 

Q 

703 

10.15 

5.35 

1880 

0 

West 

A 

780 

4  15 

2.55 

995 

770 

4.50 

2.86 

1100 

2920 

c 

703 

4.20 

2.34 

825 

0 

East 

A 

780 

5.50 

3.04 

1180 

B 

770 

6.40 

3.31 

1270 

3530 

Q 

703 

5.80 

3.07 

1080 

113 

West 

A 

171 

4.20 

2.83 

242 

B 

171 

4.40 

3.14 

268 

730 

C 

171 

4.25 

2.59 

221 

113 

East 

A 

B 

C 

128 

West 

A 

95 

4.15 

3.07 

146 

B 

95 

4.40 

3.51 

167 

450 

C 

95 

4.25 

2.97 

141 

128 

East 

A 

95 

3.95 

-2.69 

-128 

B 

95 

4.50 

-3.04 

-144 

-410 

C 

95 

4.00 

-2.86 

-136 

128 

Loaded 

A 

95 

0.30 

0.28 

13 

Transformers 

B 

95 

0.30 

0  28 

13 

40 

C 

95 

0.30 

0.28 

13 

Discussion  of  Figures 
Fig.  11.  Normal  Condition.  This  figure  shows  the  relations 
existing  in  the  line  under  normal  operating  conditions.  The 
phases  are  slightly  unbalanced  here  because  of  an  unbalanced 
load  which  was  connected  to  the  laboratory  mains.  An  interest- 
ing point  to  be  noted  in  these  diagrams  is  the  increase  in  the 
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TABLE  VI 

TEST  NO.  3.    TWO-WIRE  SHORT  CIRCUIT 


Peak  current 

Watts 

Line  or 

Peak 

per 

Total 

Station 

switch 

Wire 

voltage 

"In-phase" 

phase 

watts 

Actual 

Component 

Generator 

A 

872 

3.40 

3.04 

1326 

D 

OVo 

10.20 

8.84 

0U0U 

iQOA 

4oOU 

8.85 

1.10 

0 

West 

A 

872 

1.64 

1.48 

646 

jj 

AOS 

4.11 

3.78 

i  ton 

p 

3.61 

0.82 

ow 

0 

East 

A 

872 

1.64 

1.38 

600 

o 

OVo 

6.11 

5.16 

J.OUU 

c 

\s 

fiOO 

5.30 

0.28 

1  1  A 
1  ID 

91 

West 

A 

741 

1.60 

1.56 

578 

a 

*o/ 

4.15 

4.14 

vWj 

1*1  VU 

Aon 
%vu 

3.60 

-0.14 

—  o4 

91 

East 

•  A 

730 

1.65 

1.61 

589 

■Q 
D 

All 

5.90 

5.61 

c 

5.25 

-1.24 

113 

West 

A 

665 

1.60 

1.56 

519 

O 

OOU 

4.05 

4.05 

t  oU 

1  1  Af\ 

OVa 

3.55 

-0.55 

 1  AO 

113 

East 

A 

720 

1.80 

1.47 

529 

Mn  A 

B 

OOl. 

5.95 

4.87 

QOQ 

Q 

OOl 

5. 75 

—3.22 

 A1 A 

113 

East 

A 

720 

1.80 

1.47 

529 

No.  5 

B 

381 

4.85 

-3.31 

-630 

760 

C 

381 

5.15 

4.50 

858 

128 

West 

A 

675 

1.60 

1.60 

544 

B 

349 

3.95 

3.59 

626 

1030 

C 

349 

3.70 

-0.83 

-145 

128 

East 

A 

675 

1.95 

1.65 

557 

B 

349 

5.10 

-3.95 

-689 

530 

C 

349 

4.95, 

3.78 

660 

128 

Loaded 

A 

675 

3.80 

3.31 

1118 

Transformers 

B 

349 

1.65 

0.74 

129 

1660 

C 

349 

2.35 

2.35 

410 
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current  lag  in  going  from  the  generator  to  the  load.  This  is,  of 
course,  due  to  the  fact  that  the  lagging  current  of  the  load  is 
partly  neutralized  at  the  generator  by  the  leading  charging 
current. 

TABLE  VII 

TEST  NO.  4.    ONE  WIRE  GROUNDED.    NEUTRAL  UNGROUNDED 


The  voltages  are  the  dotted  lines  shown  on  Pig.  15. 


Station 

Line  or 
switch 

Wire 

Peak 
voltage. 

Peak  current 

Watts 
per 
phase 

Total 
watts 

Actual 

"In- phase" 
component 

Generator 

A 

975 

1.75 

1.72 

839 

B 

895 

O  TO 

1218 

3210 

C 

904 

2.55 

2.55 

1150 

0 

West 

A 

975 

0.90 

0.90 

448 

B 

895 

l .  17 

524 

1500 

C 

904 

1.30 

1.17 

529 

0 

East 

A 

975 

0.85 

0.83 

405 

B 

895 

1 .55 

1 .48 

661 

1660 

C 

904 

1.40 

1.31 

592 

113 

West 

A 

1.05 

B 

1.35 

C 

1.10 

113 

East 

A 

865 

1.15 

1  03 

446 

No.  4 

B 

789 

1.55 

1.45 

571 

1490 

C 

780 

1.40 

1.21 

472 

113 

Bast 

A 

865 

1.00 

1.00 

432 

No.  5 

B 

789 

1.45 

0.93 

366 

1200 

C 

,  780 

1.05 

1.03 

•  402 

128 

West 

A 

865 

1.00 

1.00 

432 

B 

808 

1.20 

1.14 

460 

1280 

C 

751 

1.15 

1.03 

387 

128 

East 

A 

865 

1.00 

0.96 

415 

B 

808 

1.55 

0.90 

363 

1170 

C 

751 

1.10 

1.03 

387 

128 

Loaded 

A 

865 

2.10 

2.07 

895 

transformers 

B 

808 

2.10 

2.05 

829 

2500 

C 

751 

2.25 

2.07 

777 

The  data  for  these  diagrams  were  obtained  from  measurements 
made  on  the  oscillograms  for  Tests  4  and  6,  using  the  two  or 
three  cycles  shown  previous  to  the  occurrence  of  the  ground. 

Fig.  12.  Three-Wire  Short  Circuit.  This  figure  is  not  of 
much  importance,  for  a  three-wire  short  circuit  very  seldom 
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TABLE  VIII 

TEST  NO.  5.    ONE  WIRE  GROUNDED.    NEUTRAL  GROUNDED. 


The  voltages  are  the  dotted  lines  shown  on  Pig.  16. 


Station 

Line  or 
switch 

Wire 

Peak 
voltage 

Peak  current 

Watts 
per 
phase 

Total 
watts 

Actual 

"In-phase" 
component 

Generator 

A 

813 

4.25 

4.25 

1730 

B 

721 

8.80 

6.18 

293A 

C 

870 

3.80 

1.90 

826 

0 

West 

A 

813 

2.00 

1.93 

785 

3 

#  «1 

3.40 

2.69 

Vf  u 

991 A 

C 

870 

1.75 

1.04 

452 

0 

Bast 

A 

813 

2.35 

2.21 

940 

721 

5.45 

3.38 

199A 

9*1  A 

C 

870 

2.05 

0.80 

348 

91 

West 

A 

650 

1.95 

1.52 

495 

ltd. 

3.45 

2.97 

AAA 

1  Q4.A 

C 

694 

1.70 

1.07 

371 

91 

East 

A 

655 

2.25 

2.18 

715 

5.40 

4.25 

A1 A 
OlO 

1  AAA 
10OU 

C 

675 

2.00 

0.97 

327 

113 

West 

A 

608 

1.95 

1.59 

483 

g 

9RA 

3.40 

2.76 

1 17A 
11/ U 

C 

650 

1.70 

0.90 

292 

113 

Bast 

A 

550 

2.20 

2.07 

570 

No.  4 

■a 
D 

199 
140 

5.40 

3.80 

VoU 

c 

580 

2.45 

0.59 

171 

113 

East 

A 

550 

2.25 

2.21 

609 

no,  o 

■a 
D 

194 

7.60 

-5.00 

 one 

—olio 

UU 

c 

580 

2.25 

0.45 

130 

128 

West 

A 

575 

1.85 

1.38 

396 

B 

204 

3.40 

3.00 

306 

1010 

C 

608 

1.85 

1.00 

304 

128 

East 

A 

575 

2.30 

2.21 

635 

B 

204 

7.75 

-5.49 

-560 

310 

C 

608 

2.50 

0.76 

231 

128 

Loaded 

A 

675 

2.85 

2.76 

793 

transformers 

B 

204 

1.70 

-0.66 

-67 

1520 

C 

608 

2.85 

2.62 

795 

128 

Unloaded 

A 

575 

2.60 

1.35 

388 

transformers 

B 

204 

2.60 

-2.28 

-232 

20 

C 

606 

3.00 

-0.45 

-137 
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occurs  in  practise.  When  it  does  occur,  relays  generally  work 
properly,  since  the  currents  and  the  voltages  are  balanced. 
The  voltages  are  seen  to  decrease  from  the  generator  to  the  short 

TABLE  IX 

TEST  NO.  6.    TWO  WIRES  GROUNDED.    NEUTRAL  GROUNDED 


The  voltages  are  the  dotted  lines  shown  on  Pig.  17. 


Station 

1 

Line  or 
switch 

Wire 

Peak 
voltage 

Peak  < 
Actual 

current 

"In- phase" 
component 

Watts 

per 
phase 

Total 
watts 

Generator 

A 

860 

5.35 

3.80 

1633 

B 

707 

10.00 

6.50 

2290 

5630 

C 

803 

10.60 

4.25 

1708 

0 

West 

A 

860 

2.55 

1.86 

800 

B 

707 

4.05 

2.76 

975 

2520 

C 

803 

4.20 

1.86 

748 

0 

East 

A 

860 

2.75 

1.86 

800 

B 

707 

6.00 

3.80 

1341 

3190 

C 

803 

6.40 

2.62 

1051 

113 

East 

A 

352 

3.05 

2.28 

401 

No.  4 

B 

176 

6. 10 

5.60 

492 

740 

C 

176 

6.30 

-1.69 

-149 

113 

East 

A 

352 

2.65 

2.07 

364 

No.  5 

B 

176 

5.80 

-5.80 

-510 

-190 

C 

176 

6.70 

-0.55 

-48 

128 

West 

A 

370 

2.80 

2.28 

421 

B 

176 

4.00 

4.00 

352 

800 

C 

199 

4.20 

0.28 

28 

128 

East 

A 

370 

2.70 

1.93 

357 

B 

176 

5.85 

-4  90 

-431 

-290 

C 

199 

6  70 

-2.17 

-216 

128 

Loaded 

A 

370 

2.75 

2.21 

409 

transformers 

B 

176 

0.40 

0.10 

9 

450 

C 

199 

1.10 

0.28 

28 

128 

Unloaded 

A 

370 

2.80 

1.79 

331 

transformers 

B 

176 

2.80 

-0783 

-73 

0 

C 

199 

2.80 

-2.59 

-258 

circuit.  The  power  put  into  the  line  during  a  short  circuit  is 
not  the  tremendous  amount  sometimes  supposed.  In  this  case 
it  is  only  a  little  more  than  twice  that  supplied  under  normal 
operation,  in  spite  of  the  fact  that  the  generator  voltage  is 
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maintained  almost  at  normal  value.  The  current,  however,  is 
over  four  times  as  large  as  the  normal  current. 

Fig.  13.  Two-Wire  Short  Circuit.  These  oscillograms  were 
taken  before  the  short-circuiting  switch  was  arranged  to  catch 
the  actual  short  circuit  on  the  oscillogram.   Hence  the  measure- 


ments were  made  on  about  the  tenth  or  twelfth  cycle  after  the 
short  circuit  occurred.  The  currents  and  voltages  are,  naturally, 
very  much  unbalanced.  All  three  currents  are  larger  than  nor- 
mal, the  current  in  the  good  or  A  wire  increasing  because  of  the 
fact  that  the  motor  load  takes  more  current  when  the  voltage 
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triangle  is  unbalanced.  The  power  delivered  to  the  load  is 
about  75  per  cent  of  the  normal  amount.  The  power  given  out 
by  the  generator  is  about  70  per  cent  greater  than  normal, 
and  about  25  per  cent  less  than  that  for  the  three-wire  short 
circuit. 

The  most  interesting  thing  in  this  figure  is  the  wattmeter 
readings.  The  A  wattmeter  is  seen  to  indicate  toward  the  load 
in  every  case.  The  B  wattmeter  indicates  toward  the  short 
circuit  at  all  points.  The  C  wattmeter  indicates  away  from  the 
short  circuit,  except  at  stations  some  distance  away.  The  B 
wattmeter  is,  thus,  the  only  one  which  can  be  depended  upon  to 
show  the  direction  of  the  short  circuit.  The  arrow  showing  the 
total  power,  it  will  be  noticed,  points  toward  the  load  at  every 
station.  This  means  that  relays  connected  according  to  the 
two-wattmeter  principle  can  not  work 
properly  except  on  a  system  where  the 
load  is  small  compared  with  the  power  ex- 
penditure during  short  circuit. 

The  explanation  of  the  backward  reading 
of  the  C  meter  may  be  .given  briefly  with  i 
the  aid  of  Fig.  14.  The  triangle  represents 
the  delta  voltages  at  some  point  near  the 
short  circuit,  and  IB  and  Jc  represent  the 
currents  in  wires  B  and  C.  The  phase 
rotation  is  assumed  to  be  A-B-C,  and  the  short  circuit  is  be- 
tween wires  B  and  C. 

With  a  non-inductive  line  and  with  no  load  current  flowing, 
the  short-circuit  current  would  be  in  phase  with  B-C,  or  would 
take  the  position  JB '- Jc  '.  Since,  however,  the  inductive  reac- 
tance of  a  line  generally  exceeds  the  resistance,  the  current  vector 
will  lag  by  a  considerable  angle,  and  will  take  some  such  position 
as  JB-/c.  This  makes  the  voltage  Ec<>and  the  current  Jc  more 
than  90  degrees  out  of  phase,  and  causes  the  C  wattmeter  to 
read  backwards.  It  may  readily  be  seen  that  if  the  phase 
rotation  is  reversed  the  B  meter  will  be  the  one  which  reads 
backwards. 

Fig.  15.  One  Wire  Grounded.  Neutral  of  Transformers  Un- 
grounded. For  this  test  the  B  wire  at  Station  113  on  the  East 
line  was  connected  to  ground  through  the  grounding  device 
shown  in  Fig.  4.  (Ground,  as  stated  at  the  beginning  of  this 
chapter  under  Description  of  Tests  means  the  midpoints  of  the 
condensers,  all  of  which  were  connected  together.  Neutral 
refers  to  the  midpoints  of  the  star-connected  transformers.) 
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In  these  diagrams  the  voltage  triangle  is  only  slightly  distorted, 
but  is  greatly  displaced  with  respect  to  ground  potential.  This 
point  (ground  potential)  comes  completely  outside  of  the  triangle". 
The  ratio  of  delivered  power  to  generator  power  is  greater  than 


under  normal  conditions,  probably  because  the  higher  potential 
above  ground  produces  a  greater  charging  current.  This  results 
in  a  higher  power  factor  in  the  line,  and  hence  a  lower  line  loss. 
The  wattmeter  readings  in  this  case  are  nearly  the  same  as  under 
normal  conditions.    Therefore,  wattmeter  relays  qan  not  be 
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used  to  show  the  direction  of  such  a  ground.  A  dead  ground  of 
this  kind,  however,  is  not  serious,  except  on  very  high-voltage 
systems. 

Fig.  16.  One  Wire  Grounded.  Neutral  of  Transformers 
Grounded.  The  neutrals  of  all  three  banks  of  transformers  were 


connected  to  ground,  and  a  ground  thrown  on  the  system  at  the 
usual  place  (the  East  line  at  station  113).  The  voltage  triangle, 
of  course,  becomes  very  much  unbalanced.  The  wattmeter 
readings  are  again  seen  to  behave  in  a  rather  unexpected  manner, 
the  B  wattmeter  being  the  only  one  which  correctly  shows,  at 
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all  stations,  the  direction  of  the  ground.  The  vectors  marked 
Jc  show  the  currents  flowing  into  the  system  through  the 
grounded  neutrals.  The  difference  in  the  magnitudes  of  this 
current  for  the  loaded  and  unloaded  transformers  is  due  to  the 
large  line  impedance  between  the  loaded  transformers  and  the 
Salt  Lake  busbars. 

The  currents  in  the  three  wires  to  the  "Unloaded  Transfor- 
mers" are  nearly  equal  and  in  phase.  This  results  from  the 
star-delta  connection,  and  may  be  explained  as  follows:  The 
voltages  from  wires  A  and  C  to  ground  are  somewhere  near 
normal,  and  this  tends  to  keep  up  the  voltage  of  the  B  trans- 
former on  the  low-tension  (delta)  side.  This  induces  a  voltage 
in  the  high  side  of  this  transformer  and  sends  a  current  out  over 
the  grounded  wire.  As  the  only  current  which  can  flow  in  the 
low-tension  side  must  circulate  around  the  delta,  the  three  line 
currents  must  be  approximately  equal  and  in  phase.  For  this 
reason  the  currents  in  all  three  wires  will  be  abnormal  when  one 
wire  is  grounded;  and  the  nearer  the  ground  is  to  a  bank  of  load 
transformers,  the  greater  will  be  the  current  in  that  bank. 
Hence,  a  bank  of  small  star-delta  load  transformers  is  liable  to 
serious  injury  if  its  neutral  is  grounded. 

iThe  single  vector  at  Farmington  (station  113)  between  the 
two  diagrams  represents  the  current  flowing  into  the  system 
at  the  point  where  the  wire  is  grounded.  It  is  equal  to  the  sum 
of  the  currents  (flowing  in  opposite  directions)  in  the  B  wire 
at  that  point. 

Fig.  17.  Two  Wires  Grounded.  Neutral  of  Transformers 
Grounded.  This  case  resembles  the  preceding  one,  except  that 
it  is  more  severe.  The  B  and  C  wires  were  grounded  at  station 
113.  The  voltages  and  power  at  the  load  are  much  less  than  in 
Fig.  16,  and  some  of  the  meters  have  reversed.  The  B  meter  is 
again  the  only  one  which  can  be  depended  upon  to  read  correctly. 
As  practically  all  of  the  discussion  given  for  the  preceding  case 
applies  to  this  case,  it  will  not  be  repeated  here. 

Discussion  of  Arcing  Ground  Tests 
The  following  test  has  no  connection  with  the  preceding,  but 
is  presented  as  a  matter  of  interest.  This  test  was  made  with 
the  regular  connections  shown  in  Fig.  7  for  Tests  1,  4,  5,  and  6. 
Wire  B  of  the  East  line  was  grounded  at  station  113  using  the 
grounding  device  shown  in  Fig.  4.  Fig.  18a  shows  only 
the  steady  condition  (if  it  can  be  called  such)  of  the  arcing 
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ground.  The  top  wave  shows  the  ground  current  at  station  113, 
the  center  one  the  current  in  the  B  wire  at  station  128  (East 
Line)  and  the  bottom  one  the  voltage  from  the  B  wire  to  ground 
at  station  113.  The  arc  is  seen  to  break  at  the  end  of  each  half 
cycle  of  the  voltage  wave,  and  the  current  remains  at  zero  until 
the  voltage  has  risen  considerably.  It  then  increases  rapidly 
to  almost  its  final  value.  The  current  in  the  center  wire  is,  of 
course,  a  combination  of  the  arc  current  and  the  load  current. 
Hence  it  has  a  value  while  the  arc  is  broken. 

Fig.  18b  shows  the  waves  while  an  arcing  ground  is  being 
displaced  by  a  dead  ground.  The  most  surprising  feature  here 
is  that  the  arcing  ground  takes  more  current  than  the  dead 
ground.  This  is  because  of  the  fact  that,  during  each  alterna- 
tion, the  electrostatic  capacity  of  the  system  must  be  charged 
to  a  certain  value.  As  quantity  is  equal  to  the  product  of  current 
and  time,  it  follows  that  if  the  beginning  of  the  charge  is  delayed, 
the  current  must  increase  to  a  higher  value  in  order  to  get  the 
required  charge  into  the  system  in  the  given  time.  Planimeter 
measurements  on  Fig.  18b  show  that  the  area  under  the  irregular 
curve  due  to  the  arqing  ground,  is  approximately  equal  to  the 
area  under  the  curve  due  to  the  dead  ground.  Hence,  the 
quantities,  which  are  proportional  to  the  areas,  are  about  equal 
in  the  two  cases,  and  the  average  values  of  the  currents  are  equal. 
The  peaks  and  effective  values,  however,  are  not. 

These  observations  were  made  using  carbon  electrodes.  The 
effect  of  metallic  electrodes  is  to  make  this  phenomenon  more 
pronounced.  It  should  be  remembered,  however,  that  an  arc  on 
a  1000-volt  system  may  have  entirely  different  characteristics 
from  one  on  a  44,000-volt  system. 

APPENDIX  A 

Derivation  op  Formula  Used  in  Calculating  the  Capacities 
Given  wire  1  of  radius  r ,  length  2  L,  -y-  units   above  the 

ground,  and  having  a  quantity  of  electricity  q  per  unit  length. 
To  find  its  potential  above  ground. 

As  the  potential  of  one  point  with  respect  to  another  is  defined 
as  the  work  which  must  be  done  in  carrying  a  unit  positive  charge 
from  the  second  point  to  the  first,  it  is  necessary  first  to  find  the 
force  acting,  perpendicular  to  the  wire,  on  a  unit  charge  at  any 
distance  from  the  wire. 


PLATE  XXXIX. 
A.  I.  E.  E. 
VOL.  XXXVI,  1917 


Fig.  18a 


C***m*f  4.J9  tajf  Lirte  m.t  Salt  l  a  .+*. 


0  V+/t*f<  t+  €r*mnt  t£ Ftr/mimjiuet,  tittle**. 


Fig.  18b 


[gray] 
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This  force,  at  any  point  P  is  equal  to: 


L 

f  qdl 


X 


**     Vp  +  x* 


2qx~l 


Vp  +  , 


2qL 


*  Vl*  +  x* 


If  x  is  small  in  comparison  with  L,  this  may  be  written: 
Force  = 

X 

Using  the  method  of  images  in  Fig.  19  let  4  be  the  image  of  1 
with  respect  to  ground.  The  potential ,  Vi,4,  between  1  and  4  is 
then  equal  to  twice  the  potential,  Vu  between  1  and  ground. 
From  the  definition  given  above,  Viti  is  seen  to  be  equal  to  the 


X 


T 


\   1  ' 

-A-J  


□  1 

Ground 


Mi 


 1 


Fig  19 

integral  of  the  force  acting  on  a  unit  positive  charge  over  the 
distance  between  the  two  wires,  or: 


2  (-<?)(-<**) 
d- x 


the  first  term  being  for  wire  1  and  the  second  for  wire  4. 
Integrating: 

Vi,4  =2  q  £  -log,  x+log,  (d-x)  ^ 


2  a  log  ^-y f  +  2  g  log  d-~ 


=  4  g  log,  — 
since  r  is  negligible  in  comparison  with  d. 
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Hence,  the  potential  from  1  to  ground  (which  is  one-half  of  that 
between  1  and  4),  is: 

Vl  =  2qlogt^r 

It  may  readily  be  seen  that  the  effect  of  having  other  charged 
conductors  in  the  field,  is  to  add  a  similar  term  for  each  conduc- 
tor; in  which  q  is  the  charge  per  unit  length  on  that  conductor. 
The  logarithmic  part  of  each  term  is  the  ratio  of  the  initial  to  the 
final  distance  of  the  unit  charge  from  each  conductor,  as  the 
unit  charge  is  carried  from  the  image  of  the  conductor  whose 
potential  is,  being  found,  to  the  conductor  itself.  Thus  in  a  three- 
phase  system,  the  potential  of  wire  1  above  ground  is 

Vx  «2ailog.^i-  +2(Z,loge  %±  +  2ff,log<^i 

2.q% 

l.ffi    3.ga  j1>2|  di,z  etc.,    represent  the  distances 

Ground      between  wires  1  and  2, 1  and  3,  etc. 


6. 


APPENDIX  B. 

Calculation  op  Capacities  for  West  Line,  Grace  to  Logan 
Derivation  of  General  Formula  for  Calculating 
Capacities 

The  wires  are  No.  2  copper,  0.2576  in.  in  diameter,  at  the 
corners  of  an  equilateral  triangle  9  ft.  on  a  side.  The  average 
height  of  the  lower  wires  above  ground  is  25  feet. 

Using  the  method  of  images,  let  qit  q2t  qi  be  the  charges  per 
unit  length  on  the  conductors.  Let  the  voltages  from  wires  to 
ground  be 

2 

1  3 
A'ffi  '  qi 

25' 

v  Ground 


Vi  =  A  sin  w/ 
Vs  -  A  sin  («*-  120°) 
6  Vz  =  A  sin  («/-  240°) 
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From  the  proof  given  in  Appendix  A, 

Fi- 2Sllofo%i-+2S,logi-^±  +2<z,log<-^  =^sinw/ 

Referring  to  the  sketch  above, 

dlti  =  50  ft.  or  600  in.    dlti  =   9  ft. 

ri     =  0.1288  in.  dlf4  =  50.8  ft.  d2,6  =  65.6  ft. 

d,l4  =  58.0  ft.  dui  =   9  ft. 


Substituting  in  the  formula  above: 


a  .     0    .        600     ,  0     ,     58.0  .  0    .  50.8 

A  sin.  w/  =  2  qx  logf  Q-jggg  +  2  9«  lo2«  g^T  +  2  ^  loS«  gTo 

In  the  same  way: 


A  sin  (cri  -  120°)  -  2  si  log«  g£  +  2  9t  log.  /87'2 


9.0     1     **    **  0.1288 


,  o    ,  58.0 


and 


,4  sin  (co/-  240°)  =  2g.log,  |^?  + 2  g,  log.  ^£ 


+  2  q%  log, : 


0.1288 
From  these  equations: 

A  sin  co<  =  2  X  2.303  (3.668  2i  +  0.809  gt  +  0.752  q») 

A  sin  (to/  -  120°)  =  2  X  2.303  (0.809  g,  +  3.786  g«  +  0.809  qt) 

A  sin  (co/  -  240°)  =  2  X  2.303  (0.752  qx  +  0.809  q,  +  3.668  3,) 


Now  let  B  = 


2  X  2.303  X  0.809 


B  sin  co/  =  4.534  $1  +  g»  +  0.929  qt 

B  sin  (co/  -  120°)  «  qi  +  4.680  qt  +  q» 

B  sin  (co/  -  240°)  -  0.929  3,  +  qt  +  4.534  q> 
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Solving  these  equations  gives 

D    1.006  sin  (at  +  0.0095  cos  (at 

qi  =  B  3m  

q%  =  0.2742  5  sin  ((at-  120°) 
To  find  the  maximum  value  of  qu  differentiate  with  respect  to  (at. 

=  1.006  cos  (at  -  0.0095  sin  (at  =  0 


1  006 

tan  (at  »q  qqq§  =  105.6  or  co/  =  89.45°  when  qx  is  a  maximum. 


Hence, 

x.  .  D  1.006  sin  89.45°  +  0.0095  cos  89.45° 
Maximum  Sl  =  5  —  

=  0.2790  B. 
and  qx  =  0.2790  B  sin  {(at  +  0.55°) 


4 

Substituting  for  B  its  value,   4  6Q6  x  0  809  '  and  chan^nS  to 


coulombs  per  mile  gives 


*  -  02790  4.606X0.809X  9  X  10'      (a*  +  °m 
-  1.339  X  10~8  A  sin  ((at  +  0.55°)  coulombs  per  mile. 


Hence  gs  =  1.316  X  10~*A  sin  ((at  -  120°)  coulombs  per  mile. 
qt  -  1.339  X  10-*  A  sin  (aU  -  240.55°)    "  " 

The  next  step  is  to  get  the  quantities  on  each  wire  with  the 
center  wire  grounded.  Assuming  that  the  potentials  remain 
balanced,  the  voltages  from  wires  to  ground  will  be 

From  wire  1   vTi4  sin  ((at  +  30°) 

2   0 

"3   \/3\4sin(w/-  270°) 
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Carrying,  as  before,  the  unit  charge  from  wire  4  to  wire  1 : 
V  J  A  sin  («/  +  30°)  =  2  X  2.303  (g,  log,0 

,      .        58    .      ,  50.8\ 
+  9*  logio         +  q»  log10  -g-Q-  J 

n  o^oono/  i  58.0  ,  ,  66.6X12,  .  58.0  \ 
0  =  2  X  2.303  I  qi  log,,         +  qt  log,0()  1288  +  ffi  log,o  -^g  j 

VF^  sin  («/  -  270°)  =  2  X  2.303  ($,  log,,        +    logic  |jy 

.      ,         600  \ 
+  «,log,0  ^288 / 

j    .  n  _ 

2  X  2.303  X  0.809 

Then. 

B  sin  (co/  +  30°  =  4.534  qi  +  qt  +  0.929  q, 

0  =    qi  +  4.680  q,  +  ff, 
B  sin  (&)/—  270°)  =  0.929  g,  +  ?t  +  4.534  g, 

Solving: 
qi  =  0.2209  B  sin  (co/  +  21.12°) 

**(«/- 120°) 

q,  =  0.2209  B  sin  (&>/  -  261.12°) 

Substituting  the  value  of  B  and  changing  to  coulombs  per  mile, 
the  equations  become 

*  "  0  2209  4.60o4X^X19°x310»  Sin  <"  +  2112°> 


=  1.061  X  10~8  VIi4  sin  (<at  +  21.12°) 
=  0.353         X  10"8  A  sin  ( «/  -  120°) 
=  1.061  X  10-s  V  34  sin  (art-  261.12°) 
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Having  obtained  the  quantities  on  each  wire  under  these  two 
conditions,  the  next  step  is  to  determine  the  values  to  be  assigned 
to  each  of  the  six  condensers.  Denote  these  values  by  x,  y,  z,  and 
w  as  shown  in  Fig.  3  A.  Let  qi  be  the  charge  on  wire  A9  qt  the 
charge  on  wire  B  and  q%  the  charge  on  wire  C.  The  potentials  to 
ground  will  then  be 

V\  =  A  sin  cot 

Vt  =  A  sin  (art  -  120°) 

Vz  =  A  sin(w/-  240°) 

and  the  potentials  between  wires  will  be 

Vllt  =  VTA  sin  (cot  +  30°) 
Vtt2  =  V~3A  sin(w/-  90°) 
V9il  =  VTA  sin  (cot-  210°) 

The  quantity  in  any  condenser  is  equal  to  the  capacity  of  that 
condenser  multiplied  by  its  voltage.  The  quantity  on  any  wire 
is  equal  to  the  vectorial  sum  of  the  quantities  on  the  three  con- 
densers connected  to  that  wire.  Hence ; 

Vui  y  +  Viz  +  Vi,t  w  =  qi 

Substituting, 

y  VTA  sin  (cot  +  30°)  +  zA  sin  cot  +  w  \Z~3A  sin  (cot-  30°) 

=  1.339  X  10-8  A  sin  (at  +  0.55°) 

As  this  equation  is  true  for  all  values  of  cot,  it  must  hold  when 
cot  =  0. 

Then  y  ^^~w^=  0.01284  X  10~8 

or      y  -  w  =  0.01485  X  10"8  (A) 

When  (at  -  -  30° 

-  %-  1.5  w  =  -  1.339  X  10~8  X  0.4917 

or  z  +  3w  =  1.317  X  10"8  (B) 

In  the  same  way, 
Fiii  y  +  V*  x  +  F2,3  y  =  02 

yvHA  sin  (<ot  -  150°)  +  x  A  sin  (ot  -  120°) 

+  y  \^SA  sin  (at  -  90°)  =  1.316  X  10~M  sin  (at-  120°) 
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When  cot  =  210°, 
15  y  +  x  +  1.5  y  =  1.316  X  10~8  =  3  y  +  x  (C) 

With  the  centre  wire  grounded, 
Vi,t  y  +  VU2  z  +  Vuz  w  =  qi 

(y  +  z)  V3A  sin  (cot  +  30°)  +  w  VsA  sin  (art-  30°) 
=  1.061  V~3A  10-»sin  (at  +  21.12°) 

When  a)t  =  -  30°, 

-  =  1.061  X  10"»  sin  (  -  8.88°)  =  -  0.164  X  10"8 

or  w  =  0.189  X  10-»  farads  per  mile. 

Substitute  in  (A)  y  =  0.189  +  0.015  =  0.204  X  10"*  farads  per 
mile. 

Substitute  in  (B)  z  =  1.317  -  0.567  =  0.750  X  10"8  farads  per 
mile. 

Substitute  in  (C)  x  *  1.316  -  0.612  =  0.704  X  10~s  farads  per 
mile. 

These  are  the  values  for  the  individual  condensers,  to  be  con- 
nected as  shown  in  Fig.  3a. 

Because  of  the  large  number  of  calculations  to  be  made,  the  pre- 
ceding work  was  shortened  by  means  of  the  following  formulas. 

Derivation  op  General  Formula  for  Calculating  the 

Capacit  es 

After  substituting  Bt  in  the  equations  for  A  (page  825),  they 
have  the  following  form :    (for  the  ungrounded  case) 

a  Qi  +  Qt  +  d  q%  =  B  sin  cot 

qi  +  cq*  +  q2  =  B  sin  (<at  -  120°) 
d  qi  +  q2  +  a  qs  =  B  sin  (cot  -  240°) 

Solving  these  equations  gives 

(B)  31  =  2  (a-  d)  l(o  +  d)c-  2] 
l(2ac+dc+a-  d- 3)  sin  ut  +  (a- d- dc+1)  Vdcos  <at] 
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With  the  center  wire  grounded, 

a  qi  +  q2  +  dqt  =  B  sin  (cot  +  30°) 

q\  +  cqt  +    q%  =  0 
d  qi  +    q2  +  aqi  =  Bsm(<ot  -  270°) 

from  which, 

(C)  »  -  2(a-d)  UaVQc-2]  1^      -  »  *n  - 

+  (ac-  2c  d  +  1)  cos  cot] 


By  differentiating  (B)  and  (C)  with  respect  to  cot,  to  get 
maximum  qx,  equations  of  the  following  form  are  obtained: 

qt  =  MA  X  10"s  sin  (cot  -  120°)  (From  (A) ) 

qt  =  NA  X  10"8  sin  (<ot  +  a°)  (From  (B) ) 

qi  «  iM  X  10-8  sin  («/  +  j8  °)  X  V  3"  (From  (C) ) 

From  these,  by  the  method  previously  given,  is  obtained: 
2 

y  —  w  =  ^=r  iV sin  a         3y  +  x  =  Jlf 

z  +  3w  =  2iVsin  (30°- a)  w  =       Psin  (30°  -  0) 

which  are  easily  solved  for  x,  y,  z,  and  w,  giving  the  values  to 
be  assigned  to  the  different  condensers. 
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INDUSTRIAL  RESEARCH  AND  THE  COLLEGES 


BY  A.  E.  KENNELLY 


Abstract  of  Paper 

An  outline  of  the  proper  relationship  that  should  exist  in  the 
industrial  research  field  between  the  pure  science  college,  the 
technical  college  and  the  industries,  themselves. 


IN  ANY  general  discussion  of  the  influence  of  research  on  the 
development  of  electrical  industries,  the  share  of  the  col- 
leges in  this  influence  deserves  to  be  formulated  and  defined. 
The  more  clearly  we  can  realize  the  ways  in  which  the  colleges 
can  assist  in  this  work,  and  the  more  closely  we  can  agree  upon 
the  methods  by  which  this  assistance  can  be  rendered,  the  more 
likely  we  are  to  be  able  to  bring  about  the  result  desired.  In 
what  follows,  certain  propositions  are  ventured,  in  the  hope  of 
eliciting  discussion,  and  of  thereby  reaching  a  consensus  of 
opinion. 

To  begin  with,  it  will  probably  be  admitted  that  industrial 
research  is  scientific  investigation  directed  economically  towards 
improvements  in  production. 

It  has  been  known  for  centuries  that  discovery  and  invention 
have  made  the  fountainhead  of  new  industries.  For  example, 
it  is  said  that  the  starting  point  of  the  wealth  of  Holland — and 
in  the  seventeenth  century,  the  Dutch  republic  was  the  first 
exporting  country  in  the  world — was  due  to  the  discovery  by 
the  Dutch  fishermen,  on  their  remote  islands,  of  a  process  of 
preserving  fish  for  storage  and  transportation.  Moreover, 
throughout  all  industrial  history,  men  have  devoted  their  time 
and  labor  to  inventing  or  designing  improved  processes  in  manu- 
facture" Industrial  research,  in  a  broad  sense  of  the  term,  has 
therefore  been  at  work  ever  since  industry  existed.  The  dif- 
ference between  industrial  research  in  the  modern  sense,  and  ki 
the  mediaeval  sense,  lies  in  an  emphasis  upon  applied  science, 
and  upon  the  application  of  scientific  methods.  Under  the 
mediaeval  regime,  industry  was  understood  to  be  handicraft. 
Individual  skill  in  handicraft  was  aimed  at,  through  the  manual 
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training  of  apprentices  by  master  workmen.  Improvements  in 
production  had  to  come  slowly,  through  the  gradual  develop- 
ment of  skill  in  successive  generations  of  workmen  and  appren- 
tices. 

The  advent  of  the  steam  engine  and  of  steam-driven  factory 
machines,  overthrew,  as  we  all  know,  the  processes  of  production. 
These  became  mechanically  stereotyped.  The  province  of 
individual  manual  skill  changed  to  the  design,  direction  and 
management  of  machinery.  The  charm  of  individuality  in 
specially  skillful  workmanship  had  to  be  relinquished,  in  favor 
of  the  enormously  increased  and  standardized  production  of 
the  humanly  guided  machine.  Under  the  new  conditions, 
mechanical  or  chemical  improvements  could  be  introduced  much 
more  easily,  partly  because  of  the  absence  of  intellectual  inertia 
in  the  producing  machinery,  and  partly  because  of  the  more 
definite  predetermination  and  regularization  of  machine-made 
over  hand-made  products. 

The  introduction  of  industrial  research  in  the  recent  and 
more  restricted  sense,  has  come  about  partly  materially  through 
the  opportunity  provided  by  large-scale  mechanical  or  chemical 
processes,  and  partly  psychologically  through  the  change  in  the 
general  attitude  of  mind  towards  applied  science.  Formerly, 
there  was  an  attitude  of  distrust  towards  scientific  training  in 
industry.  Now  it  is  coming  to  be  realized  that  in  all  industry, 
applied  science  can  be  made  to  pay.  In  fact,  it  is  coming  into 
general  apprehension,  that  sooner  or  later  any  industry  will 
be  outdistanced  competitively,  unless  maintained  not  only  by 
eternal  vigilance,  but  also  by  eternal  scientific  study. 

The  part  of  the  colleges  has  been  and  is  to  train  young  men  to 
learn  a  business  studiously  and  to  carry  it  on  systematically. 
In  the  colonial  days,  the  colleges  educated  men  almost  exclu- 
sively for  the  professions.  Today,  the  men  educated  in  the 
colleges  enter  general  business  in  as  great  numbers  as  they  enter 
the  professions. 

The  non-technical  scientific  departments  of  the  colleges  and 
universities  include  such  fundamental  subjects  as  mathematics, 
physics  and  chemistry.  The  duties  of  these  departments  of 
so-called  pure-science  i.e.  science  contemplated  apart  from  ap- 
plications, are  two-fold ;  namely 

(a)  Teaching,  by  carrying  on  instruction  of  the  students  in 
those  sciences. 

(b)  Learning,  by  carrying  on  researches  in  those  sciences. 
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The  teaching  and  the  learning  have  to  be  carried  on  inter- 
dependently  and  perpetually. 

It  is  probably  undesirable  that  the  pure-science  departments 
of  the  colleges  and  universities  should  continuously  undertake 
industrial  research.  There  is  nothing  in  their  work  to  prevent 
their  teachers  or  students  from  undertaking  such  research. 
Many  on  their  staffs  are  excellently  qualified  for  conducting 
industrial  research;  but  there  is  so  much  other  important  work 
to  be  done,  which  these  departments  are  alone  able  to  do.  In 
all  times,  the  progress  of  the  sciences  has  been  largely  left  to  the 
college  teachers  of  those  sciences.  Physics  and  chemistry  are 
subdivided  into  so  many  branches,  that  no  one  man  can  do 
justice  by  his  efforts  to  more  than  a  very  small  number  of  studies. 
There  is  a  limitless  field  of  undreamed  of  knowledge  everywhere 
along  these  various  lines.  The  expenses  of  modern  scientific 
laboratories  are  so  great,  that  few  private  individuals  can  expect 
to  conduct  researches  in  pure  science,  and  the  instructing  staffs 
in  the  college  laboratories  have  special  facilities  for  experimental 
work.  The  bulk  of  new  scientific  material,  on  which  industries 
may  ultimately  depend,  has  to  be  worked  out  and  discovered  in 
the  pure-science  laboratories  of  the  world.  Again,  mathematics 
is  a  science  covering  a  range  of  knowledge,  thought  and  inquiry, 
so  vast  that  no  one  mind  can  compass  it,  and  yet  its  knowledge 
is  woefully  backward  and  deficient,  even  for  purely  utilitarian 
purposes;  so  that  there  are  immense  fields  to  be  developed,  even 
on  the  unlikely  hypothesis  that  no  new  general  discoveries  will 
be  forthcoming.  Of  the  indefinitely  great  number  of  mathe- 
matical functions  that  may  be  mentally  reviewed,  only  a  few 
dozens  have  yet  been  tabulated  and  arranged  for  practical  use 
The  progress  of  knowledge  in  mathematics  is  far  less  restricted 
to  the  college  faculties,  than  the  progress  of  subjects  like  physics 
or  chemistry;  because  the  necessary  plant  is  so  inexpensive, — 
white  paper,  black  pencil  and  grey  matter — yet  even  here  the 
influence  of  the  college  atmosphere  for  mutual  teaching  and 
learning  is  relatively  so  productive,  that  a  large  share  of  the 
world's  mathematical  pioneer  work  emanates  from  the  colleges. 

While,  therefore,  under  extraordinary  circumstances,  such  as 
those  due  to  the  present  World-German  war,  the  pure  science 
departments  may  advantageously  take  up  industrial  research; 
yet,  as  a  general  rule,  the  best  contribution  of  those  departments 
to  industry  is  by  restricting  their  attention  to  pure  science. 

When  we  come  to  the  engineering  and  technical  colleges,  or 
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those  industrial  concerns  which  are  not  in  a  position  to  maintain 
their  own  research  laboratories. 

In  the  long  run,  therefore,  it  seems  most  desirable  that  the 
technical  colleges  should  always  carry  on  general  researches  in 
their  laboratories,  of  such  a  nature  as  may  advance  applied 
science,  stimulate  careful  observation  on  the  part  of  students, 
contribute  to  the  published  fund  of  available  technical  infor- 
mation, supply  new  knowledge  to  the  teaching  staffs,  and  train 
students  for  entering  industrial  research.  To  this  end,  research 
fellowships  and  research  endowments  are  of  the  greatest  aid 
both  to  the  colleges  and  to  the  industries.  A  limited  amount  of 
industrial  research  work  may  also  be  advantageously  carried  on 
in  the  college  laboratories,  along  with  the  general  research  work. 
As,  with  the  growth  of  new  industries,  more  and  more  demand  for 
such  industrial  research  comes  to  the  colleges,  the  desirability 
increases  of  dealing  with  it  in  a  systematic  way,  through  the 
college  as  a  corporate  body,  by  maintaining,  in  the  workshops  of 
the  industrial  concerns,  special  assistants  under  the  direction  of 
specialists  on  the  teaching  staff.  In  this  way,  perhaps,  the  most 
effective  service  may  be  given  by  the  technical  colleges  to  the 
junior  industries,  with  the  maximum  of  economy.  It  may  not 
be  too  much  to  expect  that,  as  time  goes  on,  the  junior  industries 
may  lean  more  and  more  upon  the  technical  help  of  the  colleges, 
without  having  to  enter  into  any  mutual  agreement  or  combina- 
tion, in  order  to  avail  themselves  of  such  aid. 

Reference  has  been  made  above  to  the  continuous  duties  of 
a  college,  both  as  to  teaching  and  learning.  A  third  important 
duty  also  exists,  although  its  influence  on  industrial  research  is 
less  direct;  namely,  the  maintenance  and  propagation  of  ideals, 
or  of  those  underlying  habits  of  thought  and  action  which  are 
sometimes  summed  up  as  "character",  and  at  other  times  are  re- 
ferred to  as  the  working  philosophy  of  life.  Colleges  foster  and 
transmit  such  ideals,  more  or  less  unconsciously  perhaps,  to 
those  who  study  within  their  walls,  partly  by  tradition,  partly 
by  contact  betwee;.  teachers  and  pupils,  partly  by  the  study  of 
history,  philosophy  and  a  host  of  other  horizon-enlarging  sub- 
jects, and  partly  by  the  interchange  of  student  opinions.  The 
transmission  of  such  subconscious  motives  may  not  have  direct 
bearing  upon  the  technical  attainments  of  college  trained  men, 
and  many  men  who  have  never  gone  to  college  are  actuated  by 
ideals  as  fine  as  those  which  any  college  can  claim,  neverthe- 

"  the  indirect  stimulating  effect  of  such  ideals  on  the  college- 
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trained  researcher  is  manifest  to  the  careful  observer  on  every 
hand. 

An  ideal  international  system  would  be  one  in  which  the  pure- 
science  colleges  should  lay  the  foundations  of  future  industries  by 
enlarging  and  disseminating  the  world's  knowledge  of  the  basic 
scientific  principles,  the  technical  colleges  should  do  the  same 
for  applied  science,  while  at  the  same  time  taking  a  share  in  the 
economic  applications  of  science  to  industry.  The  industries 
themselves  should  undertake  their  own  researches,  under  the 
guidance  of  qualified  research  specialists.  Vocational  schools 
would  train  industrial  foremen  in  the  elements  of  the  same 
principles  of  science,  art,  technique,  economy,  thrift  and  hard 
work,  as  applied  to  those  particular  industries  in  which  each 
nation,  is,  by  its  peculiar  circumstances,  specially  adapted  to 
excel. 
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thinking  and  writing  about  industrial  research.  What  follows 
must  therefore  be  read  with  the  understanding  that  it  is  the 
hurried  jotting  down  of  ideas  which  have  been  scattered  and 
relegated  to  the  background  by  the  ceaseless  day  by  day  pressure 
for  the  results  of  industrial  research  in  the  grim  game  of  human 
destruction. 

Much  has  been  said  and  columns  have  been  written  on  the 
wonderful  achievements  of  industrial  research  in  the  past  and 
on  the  stupendous  effects  which  are  to  follow  from  industrial 
researches  not  yet  undertaken.  In  fact,  it  seems  to  be  the 
exception  rather  than  the  rule  for  a  present  day  conversation 
to  run  its  course  without  some  reference  to  industrial  research 
or  its  results.  Under  the  circumstances  it  is  sometimes  sur- 
prising to  find  how  little  actual  knowledge  seems  to  exist  as  to 
what  really  constitutes  industrial  research  or  of  tfie  relations 
which  it  bears  to  research  which  is  not  industrial.  On  the  other 
hand,  we  are  frequently  surprised  by  the  evidences  of  real 
industrial  research  in  hitherto  unsuspected  places.  That  indus- 
trial research  has  taken  a  firm  place  in  shaping  the  destinies  of 
our  economic  future,  no  one  who  is  at  all  cognizant  of  the  facts 
would  for  a  moment  deny.  A  partial  picture  of  present  condi- 
tions in  the  United  States  is  interestingly  shown  in  a  recent 
paper  entitled  "Industrial  Research  in  the  United  States  of 
America'*  by  Mr.  A.  P.  M.  Fleming,  M.  I.  E.  E. 

As  might  be  expected  in  a  departure  so  radical  and  relatively  so 
new,  the  processes  of  industrial  research  have  not  as  yet  been 
applied  to  the  various  arts  in  anything  like  a  uniform  manner. 
A  survey  of  present  day  conditions  in  the  United  States  discloses 
the  greatest  progress  in  and  the  greatest  results  from  industrial 
research  in  large  electrical,  chemical  and  metallurgical  industries, 
where  real  scientific  research  methods  were  first  applied  and 
where  its  application  has  been  carried  to  the  greatest  extreme. 
The  electrical  industries  have  been  particularly  fortunate  in  this 
respect,  due  largely  to  the  fact  that  they  had  no  generation-long 
traditions  to  overcome  and  to  the  further  and  more  important 
fact  that  a  large  proportion  of  the  leaders  have  been  men  edu- 
cated in  technical  schools  and  universities  where  the  spirit  of 
scientific  research  prevails.  Under  these  conditions  it  is  not 
strange  that  the  value  of  industrial  research  should  early  have 
been  recognized  as  a  vital  necessity  in  the  electrical  industries, 
nor  that  the  methods  of  scientific  research  should  have  become 
*  mterwoven  in  all  its  processes.  So  effectually  has  this 
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dependence  on  research  methods  been  established  in  the  larger 
electrical  manufacturing  organizations  that  no  question  is  ever 
raised  as  to  the  proper  method  of  attacking  a  problem  or  a 
difficulty.  Not  only  do  we  look  to  the  established  research 
departments  for  the  production  of  most  of  that  which  is  radically 
new  in  the  art  but  they  have  become  and  are,  either  directly  or 
indirectly,  our  haven  of  succor  when  some  particularly  difficult 
and  knotty  problem  arises.  It  is  difficult  for  those  of  us  who 
have  lived  and  worked  long  in  this  environment  to  appreciate 
any  attitude  of  mind  but  the  one  which  seeks  the  answer  to  a 
radically  new  problem  in  the  processes  of  scientific  research. 
Thus  far  have  we  progressed  from  the  era  of  the  cut  and  try 
method — an  era  productive  of  much  that  was  of  inestimable 
value  to  the  world.  In  comparing  the  present  and  prospective 
future  with  the  past,  we  should  also  not  lose  sight  of  the  fact 
that  our  so-called  scientific  methods  would  be  of  little  avail  were 
it  not  for  the  accumulation  of  facts  laboriously  dug  out  by  em- 
pirical methods  at  a  time  when  such  methods  were  the  only 
ones  that  could  be  applied. 

While  the  development  and  beneficial  results  of  industrial 
research  are  most  apparent  in  the  larger  industries,  where  they 
were  first  applied  and  where  funds  have  been  available  for  a 
continuation  of  the  work  during  the  period  when  scientific 
methods  were  on  trial,  the  signs  are  numerous  which  indicate 
the  rapid  extension  of  scientific  research  to  the  smaller 
industries.  These  signs  are  shown  principally  in  the  growth 
of  industrial  research  laboratories  established  for  the  purpose 
of  assisting  clients  with  research  facilities  in  much  the  same 
way  that  consulting  engineers  have  long  assisted  in  engineer- 
ing matters;  also  in  the  formation  of  centralized  research 
establishments  destined  to  serve  an  association  of  individual 
manufacturers  engaged  in  the  same  or  similar  lines  of  work. 
That  this  growth  of  industrial  research  will  continue  at  an  ever- 
increasing  rate  seems  beyond  question.  The  results  thus  far 
obtained  leave  no  doubt  as  to  the  value  of  scientific  methods 
when  applied  to  industry  and  the  truth  of  these  results  is  becom- 
ing each  day  more  clearly  evident  to  the  rank  and  file  of  those 
engaged  in  the  production  of  material  things.  The  process  of 
this  evolution  of  thought  and  application  is  well  illustrated  by 
Macauley  in  his  "Science  of  Government, M  where  he  says  "First 
come  hints,  then  fragments  of  systems,  then  defective  systems. 
The  sound  opinion,  held  for  a  time  by  one  bold  speculator, 
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of  men,  while  on  the  other  hand,  limited  excursions  into  the  realms 
of  pure  science  may  react  to  the  best  interests  of  the  industrial 
laboratory  and  its  staff  and  be  productive  of  real  and  worth- 
while extensions  of  the  realm  of  knowledge.  In  such  cases, 
however,  there  should  be  no  misunderstanding  as  to  the  govern- 
ing motives. 

Viewed  in  the  broadest  possible  way  and  considered  as  a  part 
of  a  complete  national  organization,  industrial  and  academic  or 
pure  science  research  laboratories  are,  of  necessity,  very  closely 
associated  and  must  grow  together  and  with  the  same  relative 
vigor  if  the  best  interests  of  civilization  are  to  be  served.  It 
is  difficult  to  see  how  either  could  completely  supplant  the  func- 
tions of  the  other.  On  the  one  hand,  the  academic  institution, 
with  its  pure  research  laboratories,  is  engaged  primarily  in  the 
education  and  development  of  men  trained  in  scientific  methods 
and  in  extending  the  realms  of  knowledge  for  the  benefit  of  man- 
kind and  without  any  particular  utilitarian  motive.  On  the  other 
hand,  the  industrial  research  organization  is  engaged  primarily 
in  the  utilization  of  trained  scientists  for  the  solution  of  utili- 
tarian problems;  in  other  words,  in  the  cultivation  of  the  regions 
discovered  and  mapped  out  by  the  experimenters  in  pure  science. 
The  industrial  research  organization  is  not  a  general  educational 
institution  and  from  its  very  nature  cannot  take  over  that  func- 
tion of  the  university  and  technical  school  which  has  to  do  with 
the  fundamental  training  of  men.  Further,  since  it  is  part 
and  parcel  of  an  institution,  whose  primary  object  is  avowedly 
commercial  production  for  the  sake  of  monetary  gain,  and  all 
of  whose  funds  are  derived  from  the  sale  of  its  wares,  it  cannot 
usurp  in  any  large  measure  the  functions  of  the  university  or 
the  pure  science  research  foundation  without  raising  a  grave 
question  of  ethics  involving  the  body  politic. 

If,  therefore,  the  university  and  technical  school  are  primarily 
what  we  have  long  considered  them  to  be,  namely,  institutions 
for  the  training  of  men  and  for  the  carrying  on  of  researches 
designed  to  enlarge  the  bounds  of  knowledge,  and  if,  on  the 
other  hand,  industrial  research  organizations  are  institutions 
which  utilize  the  human  product  and  the  advances  of  the  uni- 
versities in  utilitarian  adaptations,  it  follows  that  there  is  and 
can  be  no  serious  competition  between  the  two,  for,  on  the  one 
hand,  if  the  university  or  technical  school  should  attempt  to 
enter  too  largely  into  the  realm  of  industrial  research  it  would 
run  the  very  grave  risk  of  destroying  its  primary  functions  by 
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the  establishment  of  an  atmosphere  highly  prejudicial  to  the 
broad  training  of  men  or  to  pure  scientific  research.  On  the 
other  hand,  the  industrial  research  organization  is  not  equipped 
to  undertake  the  general  work  of  the  university  either  in  the 
training  of  men  or  the  conducting  of  pure  research,  nor  can  it 
afford  to  do  so.  From  the  very  nature  of  its  genesis,  the  util- 
itarian object  is  the  motive  controlling  it.  To  be  sure,  occa- 
sional pieces  of  pure  scientific  research  may  from  time  to  time 
emerge  from  the  industrial  laboratory,  but  this  work  will  be 
small  in  comparison  with  the  sum  total  of  accomplishment  in 
its  proper  field. 

But  to  succeed  in  its  proper  field  industrial  research  must  re- 
ceive a  continual  stream  of  capable  men  and  women  thor- 
oughly trained  in  methods  of  scientific  research,  thoroughly 
grounded  as  to  the  geography  of  knowledge,  and  competent  to 
appreciate  any  extensions  in  its  boundaries  and  capable  of  im- 
mediately cultivating  such  extensions  for  the  benefit  of  the  par- 
ticular industrial  research  organization  with  which  they  are 
connected.  Any  failure  in  the  supply  of  men  or  any  failure  to 
advance  the  bounds  of  knowledge  by  pure  scientific  research 
will  result  inevitably  in  a  strict  limitation  of  industrial  research. 
In  referring  to  the  work  of  the  early  chemists  and  alchemists, 
Sir  William  Tinney  remarks  that  until  men  began  to  observe 
and  interrogate  nature  for  the  sake  of  learning  her  ways  and 
without  concentrating  their  attention  on  the  expectation  of 
useful  applications  of  such  knowledge,  little  or  no  progress 
was  made.  In  other  words,  until  a  sufficient  foundation  of 
pure  science  has  been  successfully  laid  there  can  be  no  applied 
science. 

In  considering  the  part  which  the  educational  institutions 
should  play  in  the  solution  of  research  problems  for  indus- 
trial organizations,  there  are  other  factors  which  should  not 
be  lost  sight  of.  As  already  indicated,  there  would  appear  to 
be  a  very  real  and  imminent  danger  to  its  pure  research  function 
if  the  educational  institution  were  to  embark  largely  on  the  so- 
lution of  industrial  problems  for  commercial  organizations. 
Such  a  course  would  establish  and  attempt  to  maintain  in  the 
same  institution  two  sets  of  research  activities  propelled  by  anti- 
podal motives.  On  the  one  hand  would  be  the  group  of  pure 
scientific  investigators,  whose  impelling  motive  was  the  desire 
to  explore  unknown  regions  and  extend  the  bounds  of  knowledge 
without  any  thought  of  the  immediate  practical  application  of 
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From  what  has  been  written  in  the  foregoing  paragraphs  it 
occurs  to  me  that  I  may  possibly  have  trenched  too  largely  on 
the  scope  of  the  papers  covered  by  Mr.  Skinner  and  Pro- 
fesor  Kennelly.  If  so,  my  excuse  is  that  I  have  not  had  oppor- 
tunity to  consult  with  them  and  also  that  it  is  difficult  for  me  to 
set  forth  my  ideas  on  industrial  research  without,  at  the  same 
time,  stating  my  viewpoint  on  the  relations  of  industrial  to  pure 
or  institutional  research.  Further,  as  my  point  of  view  may  not 
be  identical  with  that  of  the  other  writers,  some  useful  purpose 
rtiay  be  served  by  its  presentation. 

Having  set  forth  certain  conditions  which  seem  to  me  funda- 
mental and  certain  situations  which  appear  to  confront  all  of  us 
who  are  interested  in  the  progress  of  industrial  research,  it  may 
not  be  uninteresting  to  outline  briefly  the  scope  and  progress  of 
industrial  research  in  the  Bell  Telephone  System. 

The  aim  of  this  research  is  frankly  utilitarian  in  character. 
The  main  and  never-lost-sight-of  aim  of  the  work  is  the  advance- 
ment of  intelligence  communication  telephonically  and  tele- 
graphically by  the  application  of  the  best  scientific  methods  to 
the  solution  of  the  innumerable  problems  which  arise.  In  the 
present  stage  of  development  the  arteries  of  industrial  research 
permeate  a  very  large  part  of  the  organization.  This  consider- 
able utilization  of  scientific  research  methods  is  not  the  result  of  a 
mushroom  growth  but  is  a  gradual  evolution  through  the  ex- 
perience of  many  years.  All  of  this  experience  has  tended  to 
confirm  our  conclusions  that  real  advances  in  the  art  of  telephony 
and  telegraphy  are  to  be  looked  for  only  in  the  results  of  broad- 
minded  and  painstaking  research  work.  For  many  years, 
therefore,  the  constant  effort  has  been  to  provide  an  ample  staff 
of  capable  men,  specially  trained  in  scientific  methods,  and  to 
place  at  the  disposal  of  this  staff  whatever  was  necessary  in  the 
way  of  material  facilities  or  human  assistance.  In  common  with 
many  other  industries  engaged  in  the  development  of  industrial 
research,  the  principal  difficulty  that  has  been  experienced  has 
been  the  securing  of  a  sufficient  number  of  trained  workers. 
While  not  necessarily  a  reflection  on  the  colleges,  universities 
and  technical  schools,  since  their  problem  was  a  huge  one,  it  is 
undoubtedly  true  that  they  have  not  in  the  past  been  able  to 
secure,  train  and  supply  a  sufficient  number  of  skilled  men  and 
women  to  meet  the  evergrowing  demands  of  industrial  research. 
The  result  is  that  we  of  the  Bell  Telephone  System  are  today 
confronted  with  a  very  large  number  of  problems  of  the  utmost 
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importance  in  the  advancement  of  national  and  international 
communication  worky  and  it  is  only  through  the  greatest  exer- 
tions that  we  have  been  able  to  secure  and  organize  the  specially 
trained  force  needed  for  their  solution. 

A  common  and  not  unnatural  mistake  concerning  industrial 
research  is  that  its  field  is  limited  very  largely  to  the  solution  of 
laboratory  problems.  I  venture  to  say  that  if  a  hundred  edu- 
cated and  intelligent  people  in  the  ordinary  pursuits  of  life  were 
asked  their  ideas  as  to  what  constituted  industrial  research  the 
great  majority  of  them  would  picture  some  sort  of  a  building  or 
buildings  in  which  men  were  experimenting  with  bottles  and 
glasses  and  chemicals  or  with  mechanical  or  electrical  instruments 
of  some  sort.  Although  the  work  which  goes  on  in  laboratories 
such  as  these  is  a  vital  and  essential  part  of  the  industrial  re- 
search problem,  it  is  by  no  means  the  whole  of  its  sum  and  sub- 
stance. In  order  to  make  the  work  of  the  laboratory  investi- 
gator of  maximum  efficiency  it  is  necessary  in  some  way  or  other 
to  formulate  the  requirements  of  his  problems  so  that  he  may 
direct  his  energies  along  the  straightest  path  to  the  desired  goal. 
In  many  cases  it  is  further  necessary  in  some  way  to  investigate 
carefully  the  products  of  laboratory  work  from  the  standpoint 
of  their  adaptability  to  commercial  requirements  and  to  the 
re-actions  which  they  may  bring  about  in  more  or  less  unexpected 
places.  All  of  this  follows  directly  from  the  fact  frequently  lost 
sight  of,  that  what  should  be  done  depends  in  large  measure  on 
what  can  be  done,  and  what  can  be  done  in  turn  on  what  it  is 
essential  to  do.  In  other  words,  it  is  the  old  problem  of  the  gun, 
the  projectile  and  the  armor  in  a  slightly  modified  form.  While 
a  little  thought  indicates  the  necessity  for  a  proper  correlation 
between  a  study  of  requirements,  the  formulation  of  the  prob- 
lems to  be  solved,  the  carrying  on  of  the  research,  and  a  test  of 
its  results  in  their  practical  application,  it  is  clear  that  no  hard 
and  fast  scheme  of  organization,  applicable  alike  to  all  industries, 
can  be  laid  down.  In  fact,  it  seems  that  the  proper  methods  are 
almost  as  numerous  as  the  types  of  industry  to  be  served  and 
that  they  range  from  a  condition,  on  the  one  hand,  where  the 
entire  problem  is  undertaken  by  the  man  who  actually  performs 
the  research  to  the  other  extreme,  where  each  phase  of  the 
problem  is  in  the  hands  of  separate  individuals,  no  one  of  whom 
encroaches  in  the  slightest  degree  upon  the  field  of  his  co-worker. 

As  exemplified  in  the  Bell  Telephone  System,  the  carrying  on 
of  industrial  research  does  not  lie  at  either  of  the  above  extremes, 
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the  industrial  research  problems  peculiar  to  the  telephone  and 
telegraph  industry.  Thus  we  have  the  chemical  laboratory, 
dealing  with  the  class  of  problems  its  name  indicates;  the  trans- 
mission laboratory,  dealing  with  those  researches  which  are 
peculiarly  involved  with  telephone  transmitters,  receivers  and 
the  efficient  transmission  of  speech  and  telegraph  currents;  the 
fundamental  physical  research  laboratory,  which  deals  with  the 
broader  physical  problems  of  the  industry ;  the  general  physical 
laboratory,  which  deals  with  the  more  specific  and  immediate 
problems;  the  manual  and  machine  switching  circuit  laboratories, 
which  deal  with  those  problems  peculiar  to  the  complicated 
networks  which  form  such  an  integral  part  of  modern  communi- 
cation systems;  and  finally,  the  various  telegraph,  mechanical 
and  metallurgical  laboratories,  which  deal  with  specific  problems 
in  other  spheres  of  the  work.  All  of  these  various  laboratories 
are  organized  to  work  in  the  closest  harmony  and  without  un- 
necessary duplication.  Very  frequently  the  solution  of  some 
research  problem  involves  the  co-operation  of  three  or  four  of  the 
groups,  each  group  handling  the  particular  element  of  the  prob- 
lem for  which  its  personnel  and  equipment  particularly  adapts  it. 
Very  frequently  also  problems  arise  which  necessitate  the  forma- 
tion of  a  special  group  selected  from  the  various  parts  of  the 
organization,  with  particular  reference  to  the  work  in  hand — 
this  group  being  disbanded  on  the  completion,  or  re-organized  as 
the  work  progresses. 

As  indicated  above,  the  laboratories  of  the  Western  Electric 
Company  handle  the  physical,  chemical  and  mechanical  re- 
searches for  the  entire  Bell  System.  In  large  measure  these 
problems  are  those  formulated  as  a  result  of  the  analytical 
researches  of  the  first  group  noted  above,  namely,  that  under  the 
immediate  supervision  of  the  Chief  Engineer  of  the  System.  In 
the  carrying  on  of  this  work  with  a  staff  of  expert  research  in- 
vestigators, many  collateral  problems  arise.  These  problems, 
after  preliminary  investigation,  are  discussed  with  and  studied 
by  the  members  of  the  first  group  and  if  found  to  be  of  essential 
value  in  the  art  of  communication  they  are  put  in  the  way  of  full 
and  proper  solution. 

In  conclusion,  and  judging  the  future  by  the  evidence  of  the 
recent  past,  it  seems  clear  that  our  industrial  research  problems 
are  destined  to  grow  enormously,  provided  an  adequate  supply 
of  capable  and  highly  trained  investigators  can  be  secured. 
This,  and  this  alonfi^seems  to  mark  the  only  practical  limitation 
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to  the  size  of  our  research  organizations,  since  experience  has 
shown  that  where  the  proper  type  of  trained  mind  can  be  applied, 
the  financial  results  invariably  return  many  times  the  cost  of  the 
research.  To  secure  the  necessary  men,  those  charged  with  the 
direction  of  industrial  research  must  look  to  the  universities  and 
higher  technical  schools.  We  must  see  that  in  our  zeal  to  obtain 
immediate  results  we  do  not  jeopardize  our  future  by  taking  from 
the  institutions  the  instructors  and  research  men  who  can  be  of 
more  service  to  the  industries  of  the  countries  in  their  academic 
pursuits  than  they  could  be  in  industrial  occupations. 
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Discussion  on  "Industrial  Research  and  the  Colleges" 
(Kennelly)  and  "Industrial  Research  With  Some 
Notes  Concerning  Its  Scope  in  the  Bell  Telephone 
System,"  (Jewett),  Philadelphia,  Pa.,  Oct.  8,  1917. 
V.  Karapetoff:    Industrial  research  is  in  a  much  more  fa- 
vorable position  than  governmental  research  or  college  research, 
because  industrial  research  has  for  its  purpose  the  promotion 
of  the  sales,  or  the  bettering  of  performance  or  economies  of 
certain  apparatus.    Colloquially  speaking,  it  means  dollars  and 
cents,  and  therefore  in  progressive  companies  it  finds  its  due 
place;  it  becomes  a  matter  of  wise  management  to  guide  this 
research  so  that  it  is  not  wasteful,  but  is  useful  for  the  purpose 
in  hand. 

But  governmental  research,  or  the  research  in  endowed  or 
state  institutions,  has  more  general  distant  aims;  therefore  it  is 
more  difficult  to  convince  those  who  hold  the  purse  strings  as 
to  its  necessity  or  usefulness.  This  is,  perhaps,  the  greatest 
obstacle  in  the  path  of  governmental  or  institutional  research. 

Speaking  more  specifically  about  the  difficulties  in  conducting 
university  research,  I  should  like  to  point  out  a  few  disadvan- 
tages. First,  it  is  not  sufficiently  correlated.  Usually  a  re- 
searcher is  a  self-centered  fellow  by  nature,  and  he  is  the  last 
person  to  determine  what  is  being  done  by  others  or  to  confer 
with  other  investigators  in  the  field.  That  is  a  harmful  and 
wasteful  tendency. 

I  have  urged  once  or  twice  before  this  Institute  the  necessity 
and  the  advisability  of  forming  a  Research  Committee,  a  com- 
mittee that  would  help  to  guide  young  individual  investigators 
and  strive  for  a  better  co-ordination  of  their  efforts.  Such  a 
committee,  if  organized,  should  preferably  consist  of  suitable 
members  of  other  technical  committees,  so  that  the  Research 
Committee  would  be  in  close  touch  with  the  rest  of  the  technical 
work  of  the  Institute. 

Another  way  of  correlating  the  efforts  of  individual  investi- 
gators is  by  unofficial  research  centers.  A  man  of  national 
reputation,  a  specialist,  say,  in  magnetic  testing,  could  naturally 
become  a  center  of  information  and  stimulation  for  all  other 
workers  in  magnetic  research.  Some  one  should  bring  him 
forward,  and  urge  him  to  become  such  a  center,  so  that  students 
and  beginners  might  write  to  him  for  guidance,  references  and 
advice  on  apparatus.  Whatever  is  done,  I  make  a  plea  for  a 
better  oversight  of  the  efforts  of  individual  investigators,  other- 
wise in  this  age  of  efficiency  and  strenuous  effort,  we  waste  too 
much  time  on  repetition  in  research. 

There  is  a  number  of  controversial  questions  in  electrical 
engineering  problems  which  investigators  in  colleges  and  in 
government  institutions  should  go  at,  because  the  progress  of 
our  art  can  be  promoted  better  if  problems  which  are  under 
controversy  at  present  are  settled.  For  instance,  there  are  two 
or  three  theories  of  commutation  in  d-c.  machinery;  now  is  the 
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time  to  settle  them,  as  far  as  possible,  and  to  eliminate  perhaps 
nine-tenths  of  the  historical  material  that  is  of  importance  no 
more  or  is  even  misleading.  We  can  never  hope  to  advance 
rapidly  if  we  drag  behind  us  a  great  mass  of  accumulated  his- 
torical data  and  views  that  are  no  longer  of  value.  The  colleges 
of  engineering  with  their  libraries  are  probably  better  adapted 
than  any  other  agency  to  do  this  work  of  scavenging  and  elim- 
inating the  accumulated  materials. 

Out  of  ten  men  who  undertake  research,  perhaps  only  one  is 
gifted  enough  to  do  original  work.  The  rest  of  them  fail,  or 
get  discouraged,  because  they  attempt  to  go  into  new  unexplored 
regions,  while  their  proper  sphere  of  work  is  to  clean  out  the  old 
stuff  and  to  prepare  the  path  for  better  investigators,  more 
skillful  men,  than  they  are.  That  is  the  second  plea  I  am  mak- 
ing; namely,  for  cleaning  up  the  old  data  and  getting  the  results 
systematized  and  digested  so  that  we  can  say  "this  is  approx- 
imately known,"  or  "this  is  unknown  or  controversial,  but 
would  be  settled  if  such  and  such  tests  were  performed." 

Another  difficulty  that  the  engineering  colleges  are  confronted 
with  is  this — A  student  or  a  young  instructor  comes  to  you  and 
says  that  he  would  like  to  work  on  this  or  that  subject,  of  which 
he  is  practically  ignorant.  You  let  him  work  for  a  year,  and 
then  he  graduates  and  disappears.  He  has  spoiled  some  ap- 
paratus, wasted  some  materials,  and  that  is  about  all  he  has 
accomplished.  Now,  I  make  a  plea  that  each  institution  of 
learning  become  a  center  of  research  for  a  few  definite  lines, 
and  not  duplicate  the  work  done  in  other  institutions.  Having 
selected  a  few  lines  of  research  they  should  be  conducted  year 
after  year  so  that  in  the  end  not  only  tangible  results  have  been 
produced,  but  a  group  of  investigators  have  been  trained  who 
are  capable  of  tackling  certain  advanced  problems. 

Another  plea  that  I  wish  to  make  is  that  more  attention  be 
paid  to  theoretical  and  mathematical  research  as  against  empir- 
ical experimental  work.  It  is  perhaps  true  that  in  Germany  too 
much  emphasis  is  laid  upon  mathematical  relations,  but  in  this 
country  I  would  say  that  too  much  emphasis  is  laid  upon  un- 
related experiments.  We  have  a  prodigious  maze  of  curves  and 
data  that  cannot  be  used  for  any  purpose  because  the  results 
have  not  been  put  into  mathematical  form  and  generalized.  It 
is  a  matter  of  efficiency  and  economy  to  try  to  perfect  formulas 
and  rational  theories  that  would  make  a  vast  number  of  experi- 
ments unnecessary. 

Finally,  I  make  a  plea  for  more  spare  time  to  be  allowed 
teachers  and  students  for  research.  For  a  teacher  research 
should  be  recognized  not  as  a  luxury,  but  as  a  necessary  part,  a 
function  of  his  calling;  also  gifted  students  should  not  be  bur- 
dened with  traditional  required  courses,  but  should  be  given 
time  for  research  work  after  they  have  shown  their  aptitude  for 
it. 

If  all  these  pleas  that  I  have  made  should  be  heeded,  and  if 
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they  be  gradually  incorporated  into  college  curricula,  we  would 
create  in  our  colleges  that  intangible  thing  that  is  known  as  an 
atmosphere  or  background  of  research.  With  this  solid  back- 
ground in  an  institution,  every  student  going  there,  and  long 
before  he  is  ready  to  undertake  any  work  himself,  would  come  in 
contact  with  men  versed  in  research.  He  would  hear  scientific 
discussions,  he  would  see  mysterious  tubes  and  coils,  and  he 
would  be  inspired  by  them.  And  when  his  time  comes  he  would 
step  into  a  group  vof  more  mature  and  inspired  workers,  and  he 
be  given  a  simple  definite  problem,  a  task  to  prove  his  worth. 

Alexander  M.  Gray:  The  average  student  is  immature  when 
he  enters  college  and  the  first  two  years  of  his  course  are  spent 
on  mathematics,  physics,  chemistry  and  drawing  so  that  only 
two  years  are  available  in  which  to  train  him  to  fit  into  the 
industry  and,  because  the  engineering  profession  has  asked  the 
universities  for  everything  but  research  men,  thesis  work  has 
gradually  been  dropped  in  favor  of  commercial  courses  on 
specifications  and  business  law. 

If  the  industry  cannot  now  find  a  sufficient  number  of  research 
men,  the  industry  is  entirely  to  blame.  It  must  let  it  be  known 
that  such  men  are  needed  and  must  offer  a  living  wage  in  order 
to  attract  students  of  native  research  ability  away  from  com- 
mercial engineering  work,  it  must  also  be  willing  to  take  a  college 
man  after  four  years  of  training  and  not  turn  down  applications 
from  all  except  those  who  have  been  able  to  stay"  at  college  for 
eight  years  necessary  to  obtain  the  doctor's  degree. 

I  do  believe  that  the  universities  should  have  what  Prof. 
Karapetoff  has  called  a  background  of  research  in  order  to 
obtain  results,  not  that  we  expect  to  get  results  from  the  students 
but  we  do  expect  to  get  some  good  work  from  the  staff.  In 
order  however  that  the  student  may  get  research  training,  he 
should  work  on  some  problem  in  which  he  is  interested,  and  in 
most  cases  such  a  problem  is  not  one  that  appeals  to  any  member 
of  the  staff. 

E.  P.  Hyde:  There  are  two  aspects  of  the  interrelation  of 
pure  and  industrial  research  to  which  I  see  no  reference  in  the 
papers  under  discussion,  but  to  which,  I  think  consideration 
should  be  given. 

If  I  understand  Dr.  Kennelly  correctly,  and  I  believe  his  is 
the  common  opinion,  fundamental  research  in  pure  science  should 
be  undertaken  in  the  universities.  It  must  be  recognized,  how- 
ever, that  the  research  worker  in  the  department  of  pure  science 
in  the  university  is  more  or  less  sporadic  in  his  method.  He 
follows  the  lines  of  his  immediate  interest.  When  Roentgen 
rays  were  discovered,  many  men  in  this  country  put  aside  what 
they  were  doing  to  pursue  the  investigation  of  Roentgen  rays. 
The  same  thing  happened  when  radio-activity  was  discovered 
and  its  importance  recognized.  This  is  as  it  should  be;  for  in 
this  way  the  limits  of  science  are  carried  forward. 

At  the  same  time  it  is  necessary  that  there  should  be  intensive 
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investigation  of  problems  which  have  already  been  skimmed  of 
their  cream  by  these  sporadic  investigators  in  the  universities. 
Such  intensive  investigation  lies  midway  between  the  kind  of 
work  undertaken  ordinarily  in  the  universities  and  the  applica- 
tion in  the  industries,  and  consideration  of  it  should  be  included 
in  a  general  discussion  of  research.  Possibly  the  university  is 
the  place  for  this  kind  of  investigation,  but  the  fact  is  it  is  not 
being  done  there,  and  it  is  my  opinion  that  under  the  present 
circumstances  the  industry  that  is  particularly  interested  in 
seeing  an  intensive  cultivation  of  some  particular  aspect  of  pure 
science  is  not  only  justified,  but  even  obliged  to  provide  for 
research  of  this  kind  in  order  to  furnish  a  basis  on  which  the 
industrial  application  may  proceed. 

The  second  aspect  of  the  subject  to  which  I  refer  is  that  of 
correlated  research  in  different  sciences.  Perhaps  an  illustration 
will  make  clear  the  point  I  wish  to  make.  The  science  of  illumi- 
nation is  not  physics  or  physiology  or  psychology  or  simple 
engineering,  as  some  think;  it  is  a  combination  of  all  these.  In 
order  that  the  science  of  illumination  may  be  developed,  it  is  nec- 
essary that  correlated  research  in  all  these  subjects  should  be 
undertaken.  I  think  I  am  correct  in  saying  that  very  few,  if 
any,  such  correlated  research  is  carried  on  in  the  universities. 
In  the  present  organization  of  university  departments  such' 
correlation  of  research  work  to  cover  the  intermediate  fields  is 
not  likely  to  be  obtained.  It  is,  therefore,  necessary  that  the 
industry  which  is  interested  in  research  that  is  on  the  border 
line  between  various  sciences  should  undertake  it  in  its  own 
laboratories. 

It  is  my  judgment  that  in  both  of  these  two  aspects  mentioned 
above  it  is  legitimate  for  the  industry  and  even  incumbent  upon 
it  to  equip  laboratories  for  research  in  pure  science. 

L.  F.  Morehouse:  I  am  glad  that  Major  Jewett  has  called 
our  attention  to  the  reaction  on  technical  schools  and  colleges 
that  may  result  from  the  pressure  for  men  to  take  up  industrial 
research. 

Industrial  research  has  advanced  so  rapidly  within  the  last 
few  years  that  this  pressure  for  men  is  now  tremendous,  and  our 
technical  schools  and  colleges  are  holding  their  own  in  the  way 
of  men  with  great  difficulty.  The  problems  of  industrial  research 
as  presented  to  the  individual  members  of  the  faculty,  the  grad- 
uate students,  and  to  a  certain  extent,  the  undergraduates,  are 
most  attractive.  The  remuneration  for  the  industrial  researcher 
compared  with  that  paid  the  members  of  the  faculty  is  relatively 
large  and  but  few  of  these,  who  are  competent  are,  able  to  resist 
the  temptation  to  go  into  the  industrial  field. 

Scientific  methods  are  no  longer  on  trial,  and  there  is  much 
evidence  that  there  is  now  a  wide  appreciation  of  the  benefits 
from  their  employment  in  the  industrial  field.  The  demand  for 
men  trained  to  appreciate  and  utilize  the  results  of  pure  scien- 
tific research  is  heavier  than  ever  before,  and,  as  Major  Jewett 
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pointed  out,  the  welfare  of  the  technical  and  university  schools 
must  be  a  matter  of  the  greatest  concern,  for  unless  the  uni- 
versities and  the  technical  schools  can  perform  their  functions 
properly,  industrial  research  cannot  accomplish  what  it  should, 
because  there  cannot  be  made  available  sufficient  men  who  have 
been  properly  trained. 

What  is  the  answer?  Is  it  not  to  recognize  that  the  home  of 
pure  scientific  research  is  the  university  and  the  technical  schools, 
and  for  industry,  transportation,  communication  and  cojnmerce 
to  appreciate  the  debt  they  owe  to  pure  science,  and  give  that 
"sympathetic  appreciation"  and  generous  financial  support 
which  is  so  much  needed. 

I  am  not  losing  sight  here  of  the  fact,  as  Col.  Carty  pointed 
out  in  his  Presidential  Address  before  the  33rd  Annual  Conven- 
tion, that  much  can  be  accomplished  without  money,  that  the 
most  important  and  fundamental  factor  in  scientific  research  is 
the  mind  of  a  man  suitably  endowed  by  nature,  for  unless  the 
scientific  investigator  has  the  proper  genius  for  his  work,  no 
amount  of  financial  assistance,  no  laboratory,  however  complete, 
would  enable  him  to  discover  new  truths  or  to  inspire  others  to 
do  so.  On  the  other  hand,  there  are  many  things  required  in 
the  conduct  of  pure  research  which  can  only  be  done  with  the 
aid  of  money,  of  which  there  is  not  sufficient  available. 

Major  Jewett  has  mentioned  the  importance  of  a  proper 
direction  of  industrial  research,  particularly  at  this  time,  when 
the  war  is  stimulating  industrial  research  so  much.  That  there 
should  be  proper,  direction,  and  a  proper  understanding  of  the 
objective  in  industrial  research  is  important  at  all  times.  There 
is  always  the  danger  that  men  will  undertake  work  for  which 
they  are  not  fitted  and  that  much  work  will  be  started  for  which 
there  is  little  or  no  cause.  The  result  is  not  only  misdirected 
effort,  and  a  failure  to  accomplish  that  which  most  needs  ac- 
complishing, but  sometimes  the  attaining  of  results  which  are 
unsound,  uneconomical  and  wasteful. 

I  can  do  no  better,  I  think,  than  to  illustrate  this  by  a  problem 
of  great  importance  which  came  before  the  great  research  staff 
of  the  Bell  system.  This  was  the  problem  of  accomplishing 
efficient  long  distance  transmission  without  economic  waste  and 
within  certain  economic  limits,  i.e.  the  problem  of  working  out 
efficient  long  distance  service  to  permit  of  the  lowest  possible 
rate  to  the  public.  The  problem  was  being  studied  simul- 
taneously in  Europe  and  America.  Certain  groups  of  distin- 
guished European  engineers  who  had  devoted  much  attention 
to  the  matter  had  reached  the  conclusion  that  the  answer  lay 
in  the  production  of  a  powerful  transmitter,  and  such  trans- 
mitters were  being  developed. 

The  Bell  system  had  studied  the  problem,  but  had  concluded 
that  it  was  not  to  be  solved  by  using  loud  speaking  transmitters, 
but  rather  in  the  construction  and  design  of  the  line  and  the 
apparatus  that  was  associated  directly  with  it.    That  is  the 
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line  along  which  our  research  was  directed,  a  line  which  was 
followed  out  with  such  complete  success  that  efficient  long 
distance  telephone  transmission  stands  as  an  accomplished  fact 
today,  without  appreciable  reconstruction,  and  the  junking  of 
the  existing  plant. 

To  have  attempted  this  result  with  high-power  transmitters 
would  have  required  extensive  changes  at  all  of  the  ten-million 
substations  connected  to  the  Bell  system  in  the  United  States, 
substantial  reconstruction  of  switchboards,  and  perhaps  the 
cable  plant.  While  greatly  increasing  the  cost  of  the  service  to 
the  public,  the  results  would  not  have  been  satisfactory,  nor 
indeed  more  than  a  partial  solution  for  the  limitations  imposed 
by  the  use  of  high-power  transmitters  on  any  plant  that  could 
be  constructed  would  have  prevented  ever  attaining  the  result 
accomplished  by  the  other  method. 

Without  proper  direction,  and  without  a  pioper  understanding 
of  the  objective  to  be  accomplished,  this  great  achievement 
could  not  have  been  accomplished. 

The  importance  to  the  telephone  art  of  industrial  research 
carried  along  scientific  lines  was  long  ago  recognized  by  the  of- 
ficers of  the  Bell  system.  The  research  departments  then 
founded,  of  which  Major  Jewett  has  spoken,  has  grown  until 
now  there  are  at  work  under  the  general  direction  of  Col.  Carty 
more  than  six  hundred  engineers  and  scientists,  carefully  se- 
lected, with  due  regard  to  the  practical  and  scientific  nature  of 
the  problems  encountered.  Among  these  are  former  professors 
and  instructors  of  our  universities,  post  graduates  and  other 
graduates,  holding  various  engineering  and  scientific  degrees 
from  more  than  seventy  scientific  schools  and  universities.  How 
these  departments  are  related  and  how  the  work  is  carried  on  is 
touched  on  sufficiently,  I  think,  by  Major  Jewett. 

Clayton  H.  Sharp:  Dr.  Kennelly  has  made  a  plea  for  under- 
taking and  carrying  out  of  a  certain  limited  amount  of  industrial 
research  in  the  universities. 

I  am  surprised  that  Dr.  Kennelly  has  not  emphasized  more 
fully  the  requirements  of  the  situation  as  far  as  the  interests  of 
the  universities  or  technical  schools  themselves  are  concerned. 
Undoubtedly,  it  would  be  a  fine  thing  for  the  industries  if  a 
large  number  of  the  technical  problems  requiring  research  were 
to  be  solved  for  them  by  the  technical  schools,  but  what  about 
the  technical  schools?  It  may  not  be  to  their  best  advantage. 
Dr.  Kennelly  has  outlined,  and  has  pointed  out,  some  of  the 
serious  disadvantages  under  which  the  technical  school  or  uni- 
versity labors  in  undertaking  this  work,  and  these  very  dis- 
advantages impose  quite  strict  limitations  upon  the  amount  and 
the  character  of  such  work,  which  can  be  done.  He  mentions 
the  atmosphere  of  intellectual  freedom  and  frankness  •  which 
must  pervade  the  scientific  department  of  a  university,  and  he 
shows  that  that  is  directly  inimical  to  the  conduct  of  many 
classes  of  research.    This  restriction  is  important  both  to  the 
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university  and  to  the  industry  involved  and  cannot  be  under- 
valued. 

Dr.  Kennelly  says  in  another  place:  "the  watchword  of  in- 
dustrial research  is  therefore  loyalty  to  the  industry  which  makes 
the  venture  in  investigative  effort,  and  this  entails  watchful 
protection  as  to  the  secrecy  of  the  investigation  and  its  results." 
On  the  other  hand,  loyalty  to  the  university  and  the  interests 
which  it  represents  may  directly  exclude  all  industrial  research 
of  this  character,  and  loyalty  to  the  university  certainly  is  an 
element  which  is  deserving  of  a  good  deal  of  emphasis. 

In  another  place  Dr.  Kennelly  says:  "A  limited  amount  of 
industrial  research  work  may  also  be  advantageously  carried  on 
in  the  college  laboratories,  along  with  the  general  research  work. 
As,  with  the  growth  of  new  industries,  a  greater  demand  for  such 
industrial  research  comes  to  the  colleges,  the  desirability  in- 
creases of  dealing^ with  it  in  a  systematic  way,  through  the 
college  as  a  corporate  body,  by  maintaining,  in  the  workshops 
of  the  industrial  concerns,  special  assistants  under  the  direction 
of  specialists  on  the  teaching  staff.  In  this  way,  perhaps,  the 
most  effective  service  may  be  given  by  the  technical  colleges  to 
the  junior  industries,  with  the  maximum  of  economy."  In 
connection  with  this  proposition  the  fact  must  be  taken  into 
consideration  that  if  the  college  as  a  corporation  undertakes  to 
conduct  industrial  research,  it  puts  itself  in  a  position  of  re- 
sponsibility to  the  industry  which  may  prove  an  embarrassment 
to  the  college  in  its  more  legitimate  function  of  teaching. 

It  occurs  to  me  also  in  view  of  the  preceding  discussion  that 
as  things  are  the  college  pretty  nearly  has  its  work  cut  out  for 
it  in  the  provision  and  proper  training  of  research  men  as  such. 

Dr.  Kennelly  brings  up  another  point,  the  case  of  these  junior 
industries,  the  younger  industries  which  are  desirous  of  having 
research  done,  where  he  says:  "These  younger  industries  must 
have  recourse  either  to  the  services  of  a  consulting  specialist  of 
the  researcher  type;  or  to  the  services  of  some  specialist  college 
laboratories."  There  is  still  another  alternative,  and  that  is  in 
having  recourse  to  other  laboratories  which  are  in  existence,  or 
which  may  be  brought  into  existence,  where  research  may  be 
carried  on  a  commercial  basis  under  all  of  the  limitations  as  to 
secrecy  and  protection  of  patents  which  the  industry  may  desire, 
and  where  the  advantages  of  continuity  of  work  may  be  enjoyed, 
which,  as  has  been  pointed  out,  it  is  sometimes  difficult  to  get  in 
connection  with  college  work. 

Such  independent  industrial  laboratories  equipped  for  research 
work,  are  proper  and  legitimate  adjuncts  to  the  development  of 
industrial  research  for  the  benefit  of  junior  industries,  and 
undoubtedly  will  prove  to  be  of  great  value  in  the  future. 

W.  1.  Slichter:  It  is  interesting  to  note  that  of  the  three 
papers  on  the  subject  of  research  presented  today,  two  are  by 
members  of  the  research  laboratories  of  commercial  organizations 
and  one  is  by  a  university  professor.    This  indicates  the  recent 
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trend  of  research  to  the  laboratories  of  the  manufacturing  com- 
panies, as  fifteen  years  ago  practically  all  contributions  on  re- 
search came  from  the  universities. 

The  enormous  resources  in  wealth  and  apparatus  of  the  large 
industrial  companies,  and  the  fact  that  their  employes  are  right 
in  touch  with  the  problems  of  the  art  as  they  arise,  gives  them  a 
great  advantage  over  the  universities.  The  most  important 
factor  in  making  research  worth  while  is  to  have  a  problem  that 
is  worth  while,  and  the  universities  are  at  a  disadvantage  in  this 
respect. 

The  first  duty  of  a  university  and  a  technical  school  is  to  train 
men  and  the  major  portion  of  the  energies  of  the  staff  should 
be  devoted  to  this  purpose,  but  it  is  very  desirable  that  a  proper 
atmosphere  of  science  and  a  proper  attitude  of  mind,  both 
among  the  instructing  staff  and  students,  be  maintained  by 
carrying  on  a  considerable  amount  of  research.  An  instructor 
who  does  nothing  but  teach  will  almost  certainly  become  narrow 
minded  and  unprogressive. 

In  former  times  the  problems  for  research  were  general  and 
the  equipment  required,  simpler  and  not  very  expensive,  but  as 
the  art  develops  the  problems  become  more  special  and  the 
necessary  apparatus  becomes  more  special  and  expensive  and 
it  is  quite  difficult  to  get  the  thousands  of  dollars  necessary  for 
good  research  at  the  present  time. 

To  have  the  university  undertake  such  work  for  a  commercial 
company  for  pay  introduces  undesirable  complications  such  as 
patent  rights,  trade  secrets  and  commercial  rivalry,  which  are 
out  of  place  in  a  university.  The  most  practical  alternative  to 
this  is  to  allow  the  individual  member  of  the  instructing  staff 
freedom  to  associate  himself  with  commercial  organizations 
and  to  carry  on  work  in  the  laboratories  of  the  school.  This  is 
a  quite  prevalent  practise  and  is  satisfactory  providing  he  does 
not  become  so  engrossed  in  his  outside  work  as  to  neglect  his 
teaching.  However,  the  ideal  research  is  that  which  is  per- 
formed by  the  individual  for  the  love  of  the  work.  This  type 
has  its  greatest  benefit  in  its  effect  upon  the  worker  and  by  re- 
flection, upon  the  students,  but  is  very  slow  in  the  production 
of  material  results. 

We  have  been  urged  at  this  meeting  to  train  students  to  take 
up  research  work  as  an  avocation  but  the  demand  for  such  men 
is  not  great  enough  to  warrant  adapting  the  work  of  the  school 
for  this  purpose.  The  greatest  demand  is  for  men  to  become 
operating  or  commercial  engineers.  The  best  research  men  come 
from  that  small  class  of  students  who,  during  their  technical 
course  develop  an  interest  in  advanced  physics  and  remain  for 
an  additional  year  after  receiving  their  engineering  degree. 
These  men  readily  find  employment  in  research  laboratories  at 
much  better  salaries  than  those  paid  to  the  usual  engineering 
graduate.  But  such  research  men  are  born  and  their  natural 
talents  have  merely  been  brought  out  and  developed  by  the 
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university.  After  all,  the  ability  to  do  fine  research  is  a  gift  of 
nature,  and  one  of  the  most  valuable  things  an  instructor  can  do 
for  research  is  to  recognize  this  talent  in  individual  students  and 
to  direct  their  interests  in  such  a  way  that  they  may  develop 
into  big  research  men  of  the  future. 

Harold  Pender:  The  question  of  the  pay  of  research  men  is 
an  interesting  one,  and  I  must  say  I  cannot  agree  with  some  of 
the  statements  that  have  been  made  here.  A  research  man 
who  is  a  good  research  man  is  well  paid.  However,  you  cannot 
expect  a  man  who  has  had  a  three  or  four  years'  course  in  a 
technical  school  to  be  an  expert  research  man,  nor  can  you 
expect  him  to  obtain  a  large  salary  at  the  start. 

In  the  regular  technical  school  curriculum  of  four  years  the 
best  that  can  be  done  is  to  give  a  man  a  reasonably  good  knowl- 
edge of  fundamental  principles.  If  you  want  him  to  develop 
into  an  investigator,  he  must  spend  more  time  and  he  must  go 
into  things  more  deeply  than  he  could  possibly  do  in  the  four 
years  of  regular  instruction. 

To  my  mind,  the  work  of  the  technical  school  or  the  university 
is  primarily  to  train  men,  not  to  do  research,  except  as  research 
is  incidental  to  the  training  of  the  men.  Industrial  research 
cannot  be  carried  on  economically  except  by  trained  research 
men.  To  engage  men  to  carry  on  industrial  research  in  a 
university,  results  in  taking  away  from  the  industries  just  the 
men  which  the  industries  need. 

To  my  mind,  what  is  primarily  needed,  is  more  advanced 
study  in  the  engineering  departments  of  our  universities.  Not, 
however,  for  the  majority  of  students,  nor  in  the  regular  four 
year  courses,  but  for  those  men  who  have  natural  ability  along 
research  lines,  and  who  can  profit  by  taking  one  or  two  years  of 
graduate  work.  What  is  needed,  therefore,  is  some  practicable 
scheme  whereby  such  men  may  be  encouraged  to  take  this 
advanced  training. 

One  scheme,  which  seems  to  me  entirely  practicable,  would 
be  for  a  company  which  needs  a  steady  influx  of  research  men, 
to  cooperate  with  some  university  in  securing  and  training  these 
men.  For  example,  the  company  might  give  the  university  an 
annual  appropriation  of  $5000,  on  condition  that  the  university 
offer,  say,  four  fellowships,  each  carrying  free  tuition  and,  say, 
$500  in  cash;  the  appointments  to  these  fellowships  to  be 
subject  to  mutual  agreement  on  the  part  of  the  university  and 
the  company.  Such  a  scheme  is  certainly  worth  trying,  and  I  feel 
confident  that,  in  the  long  run,  the  company  would  find  its 
investment  a  paying  one. 

H.  A.  Horn  or:  There  seems  to  be  a  curious  confusion  regard- 
ing this  subject.  The  engineer  wishes  to  know  the  real  function 
of  industrial  research,  and  what  is  meant  by  a  junior  industry. 
As  a  matter  of  fact,  many  industries  have  done  and  are  doing 
research  work.  For  many  years  this  work  has  been  designated 
by  them  under  the  caption  "development/*  Are  the  two  terms 
synonymous? 


1917]  DISCUSSION  AT  PHILADELPHIA 


865 


At  the  present  time  we  have  a  great  demand  for  ships,  and  as 
I  happen  to  be  connected  with  that  industry,  let  us  consider 
the  question  of  research  in  that  particular  industry.  I  should 
say  as  recently  as  three  years  ago,  there  would  not  be  a  man  in 
this  room  who  was  actively  interested  in  the  question  of  ship- 
building. Today  you  have  one  million  people  keenly  alive  to 
the  problem  of  shipbuilding.  You  have  here  an  industry  in 
which  there  has  been  a  great  amount  of  research.  This  research 
dates  back,  I  suppose,  many  centuries,  and  yet  it  was  only  a 
hundred  years  ago  that  applied  science  turned  to  that  industry. 
A  half  century  ago  naval  architecture  secured  its  independence 
as  a  specialized  science  because  the  problem  of  ship  design  grew 
to  such  degree  that  it  was  necessary  to  coordinate  all  the  con- 
crete questions  surrounding  the  building  of  the  ship. 

Naval  architecture  like  other  branches  of  science  is  not  an 
exact  science.  Admiral  Taylor,  Chief  Naval  Constructor  of  the 
United  States  Navy,  in  a  recent  speech  called  attention  to  the 
fact  that  naval  architecture,  this  science  of  the  designing  of 
ships,  was  an  inexact  science.  If  you  say,  "I  want  a  ship," 
you  say  nothing.  You  do  not  specify  the  kind  of  ship  you  want. 
If  you  wish  a  ship  to  sail  on  the  Delaware  River  you  will  adopt 
the  construction  suitable  to  that  particular  trade.  If  you  desire 
a  ship  to  cross  the  North  Atlantic,  you  should  not  use  one  that 
is  built  for  the  Delaware  River. 

Chief  Naval  Constructor  Taylor  further  states  that  though 
there  have  been  many  observations  made  on  sea  waves  it  cannot 
be  predicted  what  the  proportions  of  a  wave  will  be  at  any  given 
time  when  encountered  by  a  given  ship,  and  therefore  the  ship 
must  be  designed  with  that  great  comprehensiveness  of  view 
which  men  have  gained  by  a  life  time  of  research.  Taking  into 
account  these  numerous  observations,  the  ship  is  designed  to 
be  seaworthy.  This  is  the  crux  of  the  situation  in  regard  to 
shipbuilding.  This  knowledge  has  been  gained  much  the  same 
way  that  the  manufacturer  of  armor  has  learned  to  observe  the 
law  of  tolerance. 

Another  point  of  this  problem  deals  with  the  moulding  of  the 
mind  for  vocational  occupation.  Many  of  us  here  in  this  room 
are  probably  college  graduates — I  am  one  myself — could  you 
say  to  your  parents  or  anybody  in  the  world,  when  you  were 
twenty  or  twenty-one  years  of  age,  that  you  would  undertake 
a  certain  line  as  your  life  work?  I  very  much  doubt  it.  I  am 
of  the  opinion  that  the  human  mind  is  so  constituted  that  quite 
readily  some  other  factor  may  enter  the  problem  after  you  leave 
college,  and  thus  change  your  plans  for  the  future.  I  do  not 
desire  to  inject  myself  into  the  discussion  as  an  example,  but  I 
recall  that  I  intended  first  to  be  a  doctor,  then  either  a  lawyer 
or  a  minister,  and  today  I  am  in  the  electrical  business.  I  do 
not  presume  that  all  the  research  I  might  have  done  during 
college  days  on  the  subject  of  banking  would  have  made  me  a 
banker. 
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I  imagine  it  is  rather  a  difficult  thing  for  a  college  professor 
to  exactly  determine  how  he  will  form  or  train  the  mind  or 
inclination  of  a  student  so  as  to  develop  him  into  what  we  might 
call  a  research  man.  It  is  a  question  in  my  mind  whether  it 
is  not  better  for  him  to  give  the  student  such  a  liberal  education, 
that  when  the  student  enters  any  industry,  such  as  the  one  I 
have  mentioned,  he  will  have  a  mental  equipment  that  will  put 
him  in  the  exact  place  where  he  will  do  the  most  good  for  this  in- 
dustry, and  perhaps  fit  him  to  be  a  more  powerful  factor  in  that 
great  research — the  development  of  great  men. 

Ralph  W.  Pope:  In  reading  over  the  papers  of  today,  it 
brought  to  my  mind  the  thought  that  they  lack  one  thing,  they 
do  not  present  a  concrete  problem. 

Four  or  five  years  ago  when  I  was  in  Washington,  a  New  York 
Central  train  was  wrecked  by  a  defective  rail.  I  then  re- 
membered that  a  prominent  member  of  the  Institute  was  en- 
gaged in  the  problem  of  ascertaining  defects  which  existed  in 
iron,  by  an  electrical  or  magnetic  process.  I  took  it  up  with 
the  Bureau  of  Standards,  and  found  that  a  man  had  been  working 
on  the  problem  a  little,  but  had  laid  it  aside  on  account  of  pressure 
of  other  business,  or  the  lack  of  money  or  researchers  to  carry 
on  the  work,  so  that  nothing  was  being  done. 

That  is  one  problem,  ascertaining  flaws  in  defective  rails,  and 
it  is  a  little  difficult  to  understand  exactly  who  is  the  most  in- 
terested to  the  extent  of  paying  for  the  processes  of  research, 
whether  it  is  the  manufacturer  of  the  rails,  the  railroad  people, 
or  the  Federal  Government. 

Another  problem  which  is  very  prominent  on  the  Pacific  coast 
is  the  question  of  high-tension  insulators.  I  visited  the  labor- 
atory of  Prof.  Ryan,  at  Stanford  University,  where  he  is  provided 
with  high-tension  current  from  the  mains  of  the  Pacific  Gas  & 
Electric  Company,  for  the  purpose  of  investigating  the  qualities 
of  material  for  high-tension  insulators.  The  most  prominent 
material  at  that  time  was  quartz,  and  the  question  was  the 
possibility  of  making  quartz  insulators.  I  merely  mention  these 
as  examples  of  some  of  the  problems  to  be  encountered. 

Charles  F.  Scott:  I  have  been  wondering  in  listening  to  this 
discussion  what  research  really  is,  and  what  do  we  mean  by  it? 
We  all  have  an  idea,  but  maybe  it  is  an  indefinite  one — we  may 
think  of  it  as  original  discovery,  or  the  acquiring  of  new  data, 
or  the  making  of  new  combinations  of  known  things.  Is  it  a 
problem  which  always  requires  advanced  and  abstract  scien- 
tific knowledge,  or  is  it  somewhat  of  an  ordinary  engineering 
problem  with  a  definite  engineering  purpose?  The  discussion 
has  not  yet  made  it  clear. 

A  few  years  ago,  just  after  the  opening  of  the  trans-continental 
telephone  line  on  the  day  previous,  there  was  in  New  York  a 
complimentary  dinner  to  the  President  of  the  Institute,  President 
Mailloux,  if  I  remember  rightly,  at  which  the  ex-presidents  and 
"ome  others  were  favored  guests — a  dinner  for  some  thirty  or 
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forty  persons.  Our  eloquent  past-president,  Mr.  Dunn,  was 
the  toastmaster.  Presently  he  referred  to  the  great  achievement 
of  the  trans-continental  telephone  demonstration  the  day  before, 
and  said  we  had  present  with  us  the  man  who  made  it  possible. 
We  all  recognized  immediately  that  the  originator  of  the  Pupin 
coil  was  present  and  that  this  coil  represented  the  outcome  of 
a  great  research  problem  in  telephone  engineering.  Dr.  Pupin 
in  a  modest  way  said  he  was  very  sorry  that  Mr.  Carty  could 
not  be  present  at  the  dinner.  Mr.  Carty  had  not  had  his  clothes 
off  for  some  fifty  or  sixty  hours  before  the  trans-continental  line 
demonstration,  and  he  was  therefore  hardly  ready  to  attend  a 
formal  dinner.  He  particularly  regretted  this  absence  because  of 
Mr.  Carty's  early  work  on  the  transmission  problem.  Dr.  Pupin 
went  on  to  say  that  several  years  before  he  had  talked  with 
Mr.  Carty  with  regard  to  the  distance  to  which  the  telephone 
could  be  operated.  Mr.  Carty  knew  the  problem.  He  stated 
what  the  difficulties  were.  He  indicated  that  the  real  problem 
was  in  the  transmission  circuit,  and  he  indicated  the  nature  and 
the  character  of  the  difficulty  which  was  encountered.  Then 
he  (Dr.  Pupin)  took  up  the  problem  and  worked  out  a  solution. 
When  the  engineer  has  formulated  the  problem  it  is  more  than 
half  solved. 

Again  it  may  be  asked,  what  is  research, what  was  the  import-  % 
ant  factor  in  the  solution  of  this  great  problem  in  telephone 
engineering?  Was  the  real  research  work  in  that  problem  the 
initial  investigation  and  determining  what  the  difficulties  were, 
so  that  Mr.  Carty  could  formulate  the  problem;  or  was  it  in  the 
working  out  of  specific  method  and  apparatus  by  which  those 
difficulties  might  be  overcome,  that  is,  the  work  of  Dr.  Pupin? 
The  great  result  here  was  obtained  by  a  coordination  of  the  engi- 
neer and  the  scientist.  The  ability  to  see  a  new  problem,  to 
get  the  data,  and  place  them  in  their  proper  relations  and  to 
definitely  formulate  the  problem,  as  well  as  the  application  of 
the  scientific  knowledge  and  the  ability  to  work  it  out  in  suitable 
form  for  useful  service,  are  both  elements  which  enter  broadly 
into  what  we  commonly  understand  as  research.  Sometimes 
these  various  elements  are  directed  by  a  single  man,  sometimes 
they  are  the  coordination  of  many. 

A.  E.  Kennelly:  Major  Jewett's  paper  very  rightly  points 
out  that  care  should  be  taken  as  to  the  amount  of  emphasis  to 
be  laid  on  the  industrial  research  movement.  As  various  speakers 
have  pointed  out  in  this  discussion,  very  little  demand  was 
made  in  the  industries  for  technically  trained  researchers  until 
recently.  Now,  partly  owing  to  the  pressure  of  the  present  war, 
much  demand  has  been  created,  and  there  is  a  danger,  as  Major 
Jewett  indicates,  of  over-emphasizing  research  work.  We  ought 
not  to  suppose,  or  lead  students  to  suppose,  that  everyone  should 
undertake  research  work.  We  ought  to  make  it  clearly  under- 
stood that  men  of  natural  aptitude  for  scientific  investigation 
may  properly  undertake  research  work  as  a  business,  while  men 
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INDUSTRIAL  RESEARCH  AND  ITS  RELATION  TO 
UNIVERSITY  AND  GOVERNMENTAL  RESEARCH 


BY  C.  E.  SKINNER 


Abstract  of  Paper 

1.  Introduction  emphasizing  the  great  activity  in  all  branches 
of  research  at  the  present  time. 

2.  A  division  of  research  activities  into  three  principal  classes, 
university,  governmental  and  industrial. 

3.  A  statement  that  the  principal  function  of  university 
research  should  be  to  train  research  men  and  some  suggestions 
as  to  the  type  of  training  required. 

4.  A  brief  statement  of  the  function  of  governmental  research 
which  has  to  do  with  such  things  as  the  development  and  con- 
servation of  our  natural  resources,  the  national  defense  and  the 
promotion  of  those  things  which  are  for  the  benefit  of  the  whole 
people. 

5.  A  brief  description  of  the  Research  Division  of  the  Westing- 
house  Electric  &  Manufacturing  Company,  its  rise  and  its  rela- 
tion to  other  departments. 

6.  A  statement  of  the  desirability  of  co-operation  among  all 
agencies  engaged  in  research. 

RESEARCH  has  been  defined  as  "diligent  protracted  investi- 
gation, especially  for  the  purpose  of  adding  to  human 
knowledge. "  If  we  accept  this  definition  we  find  that  it  covers 
an  extremely  wide  field  of  activities.  It  applies  equally  well  to 
the  work  of  the  pure  scientist,  whose  primary  aim  is  to  extend  our 
knowledge  to  the  remotest  bounds  of  the  universe,  and  to  the 
work  of  the  industrial  chemist,  who  by  careful  painstaking 
analyses  maps  out  the  limits  of  impurities  which  may  be  allowed 
in  a  manufacturing  process.  Betweer^  these  extremes  lie  possi- 
bilities for  research  in  every  imaginable  field,  with  pure  and 
applied  science  so  closely  interlinked  that  it  is  impossible  to  say 
where  the  one  ends  and  the  other  begins. 

That  there  are  possibilities  of  adding  to  human  knowledge  in 
innumerable  ways,  is  evidenced  by  the  status  of  research  today. 
Never  before  were  there  so  many  interested  in  research  in  all  its 
branches;  never  before  were  there  so  many  forces  at  work  to 
promote  research.  Changing  economic  conditions,  even  before 
the  war  now  in  progress,  made  it  necessary  that  research  be 
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In  training  research  men.  the  university  wtZ  nattrraZy  ^cocne 
the  c-x-vxiiar.  and  the  r/rotnoter  of  p-sre  soentifc  research. 
Pro^rl;.'  e^^fpped  and  properly  manned,  here  as  novbere  else 
car.  '/o  on  with  ever  increasing  acceleration  that  wonderful  work 
leading  to  the  discover}'  of  new  elements,  new  laws  arxi  new 
phenomena-  It  Ls  here  that  studies  can  be  made  of  phenomena 
which  are  of  absorbing  interest,  but  which  apparently  have  no 
commercial  value  whatsoever.  It  is  here  that  we  muss  I<x4c  for 
studies  of  such  things  as  the  photoelectric  effect,  the  penetrating 
power  of  alpha,  beta  and  gamma  rays,  the  character  of  the 
emanations  of  radium,  the  study  of  vortex  action,  and  a  thousand 
other  studies— all  of  which  have  value  in  advancing  our  knowl- 
edge of  the  unknown.  All  have  value  in  the  training  of  men  and 


1917]  SKINNER:  INDUSTRIAL  RESEARCH 


875 


it  may  not  be  too  much  to  say  that  all  will  ultimately  be  of  value 
in  advancing  the  well  being  of  the  human  race.  Contact  with 
pure  scientific  research  of  this  kind  is  of  the  utmost  value  to  the 
research  worker  in  whatever  field  if  for  no  other  reason  than  the 
stimulus  it  gives  his  imagination,  and  a  research  worker  without- 
imagination  is  sure  to  be  a  failure. 

In  the  training  of  research  men  facilities  and  problems  must  be 
provided  and  the  question  arises  as  to  the  relation  of  these 
problems  to  going  industrial  problems.  One  should  not  be 
dogmatic  on  the  subject,  but  the  following  suggestions  may  be 
worth  consideration  and  discussion.  Training  should  be  aimed 
first  at  a  broad  general  education.  This  should  be  such  as  to 
give  culture  as  well  as  a  thorough  grounding  in  general  science. 
Specialization  should  begin  only  after  the  broader  foundation  is 
laid.  This  specialization  should  be  aimed  at  developing  the 
research  spirit,  which  is  simply  a  desire  for  knowledge  of  the 
truth.  To  this  end  problems  should  be  set  which  will  develop 
the  latent  abilities  to  observe  facts  and  to  overcome  obstacles. 
For  such  training  the  exact  problem  matters  little  just  so  it  is  in 
the  field  of  chosen  endeavor.  It  may  be  of  a  highly  theoretical 
nature  with  no  possible  immediate  industrial  application.  It 
may  be  for  the  establishment  of  a  law,  the  proving  of  a  principle 
or  the  finding  of  the  limits  of  a  known  law.  It  may  be  a  very 
restricted  problem,  as  the  proving  of  a  single  phase  of  one  other- 
wise well  worked  out.  The  problem  should  be  so  chosen  that 
the  really  essential  apparatus  is  available  for  its  solution  or  the 
problem  should  require  that  the  necessary  apparatus  be  devised. 
It  is  really  curious  to  see  the  attitude  of  different  men  with  regard 
to  apparatus  when  a  problem  is  set  for  solution.  At  the  one 
extreme  a  worker  will  demand  the  most  elaborate  and  accurate 
apparatus  known  to  the  art  before  he  feels  that  he  can  begin  his 
work.  At  the  other  extreme  the  worker  uses  whatever  means 
are  at  hand  or  devises  crude  makeshift  apparatus.  The  former 
is  interested  more  in  his  apparatus  than  in  his  problem;  the  latter 
more  in  the  principles  involved  than  in  the  finish  of  his  instru- 
ments. Both  may  fail, — the  first  due  to  too  much  elaboration  of 
method  and  apparatus  and  the  second  due  to  the  use  of  apparatus 
not  adequate  for  the  purpose.  A  part  of  the  desirable  training  is 
therefore  the  training  of  the  judgment  as  to  how  little  and  how 
simple  apparatus  can  be  used  and  still  cover  all  the  necessary 
points  in  research.  The  maximum  of  success  often  comes  to  the 
worker  who  uses  the  simplest  apparatus  both  as  to  the  time 
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under  the  guise  of  test  work,  and  experimental  work  and  without 
any  thought  of  its  being  research  in  the  sense  of  the  present  use 
of  the  term.  This  is  particularly  true  of  the  specific  industry 
and  organization  with  which  the  writer  is  connected. 

It  is  impossible  to  describe  the  rise  of  research  in  the  Westing- 
house  Electric  &  Manufacturing  Company  without  giving  some- 
thing of  the  part  taken  in  it  by  the  great  founder  of  the  com- 
pany,— Mr.  George  Westinghouse.  A  critical  study  of  his  life 
work  will  show  that  he  personally  carried  on  research  of  a  very 
high  order  and  in  many  fields.  In  his  personal  work,  however, 
Mr.  Westinghouse  rarely  used  ordinary  laboratory  methods. 
His  experimental  work  was  done  full  size  scale.  If  he  was  in- 
terested in  a  rotary  engine  he  did  not  build  a  model,  he  built  an 
engine  to  suit  the  commercial  conditions  he  had  in  mind.  If 
interested  in  the  development  of  producer  gas  no  mere  laboratory 
experiment  would  suffice;  he  built  a  complete  producer  gas  plant. 
His  work  on  the  development  of  air  brakes,  switches  and  signals, 
the  steam  turbine  and  many  other  devices  was  all  conducted  in 
the  same  way.  He  was  an  experimental  rather  than  an  analytical 
research  worker.  He  undoubtedly  had  many  failures  in  his 
experimental  work,  but  the  commercial  success  of  the  companies 
which  bear  his  name  shows  that  in  the  end  the  balance  was  very 
greatly  in  his  favor.  The  foundation  of  each  was  largely  his 
own  personal  work.  This  type  of  experimental  work  to  be 
successful  requires  a  breadth  of  vision,  a  soundness  of  judgment, 
an  optimism  and  a  dynamic  energy  to  carry  it  forward,  which 
are  possessed  by  but  few  men.  Without  these  qualities  so 
abundantly  possessed  by  Mr.  Westinghouse,  research  work  done 
in  his  characteristic  way  is  more  liable  to  lead  to  failure  than  to 
success.  Throughout  his  active  life  Mr.  Westinghouse  always 
had  in  hand  a  number  of  investigations  of  the  type  referred  to 
and  only  those  who  have  had  the  good  fortune  to  work  in  close 
contact  with  him  can  appreciate  the  amount  of  thought,  energy 
and  attention  to  detail  which  he  gave  to  all  of  his  experimental 
work.  It  was  characteristic  of  him  that  he  so  drove  his  work 
that  he  would  get  results  in  days  where  the  average  worker 
would  require  weeks  or  months. 

He  early  recognized  the  merits  of  the  alternating-current  sys- 
tem of  distribution  and  personally  gave  much  attention  to  its 
development  in  the  formative  period.  This  system  he  pushed 
to  a  commercial  success,  overcoming  all  obstacles  including 
attempts  at  legislation  against  the  use  of  alternating  current  in 
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many  states.  Not  the  least  of  his  triumphs  in  connection  with 
this  system  was  the  lighting  of  the  World's  Columbian  Exposi- 
tion in  1893  using  a  type  of  incandescent  lamp  necessitated  by 
the  patent  situation  which  was  considered  by  nearly  every  one 
familiar  with  the  subject  as  a  hopeless  substitute  for  the  then 
accepted  type.  The  modern  history  of  alternating  current  and 
its  place  in  the  electrical  field  today  is  too  well  known  to  merit 
further  comment. 

At  a  very  early  age  Mr.  Westinghouse  became  interested  in 
the  rotary  engine  and  he  carried  on  experimental  work  in  the 
development  of  the  rotary  engine  continuously  for  many  years 
until  the  advent  of  the  steam  turbine.  He  immediately  recog- 
nized the  merits  of  the  turbine  principle  and  casting  aside  the 
work  of  half  a  lifetime  on  the  rotary  engine  he  at  once  trans- 
ferred his  allegiance  and  his  energy  to  the  steam  turbine,  with 
the  result  that  the  steam  turbine  has  become  the  predominating 
prime  mover  in  connection  with  the  use  of  steam  today.  He 
was  the  first  to  combine  the  alternating-current  generator  and 
the  steam  turbine  in  large  units, — these  being  the  forerunners  of 
the  giant  70,000  kv-a.  turbo-generators  of  today.  In  passing  it 
may  be  said  that  the  development  of  the  turbo-generator  to  its 
present  state  of  perfection  is  perhaps  one  of  the  most  notable 
pieces  of  research  work  in  modern  times  and  while  the  finished 
result  is  the  combined  work  of  many  minds,  very  much  of  the 
initiative  can  be  ascribed  to  the  personal  work  of  Mr.  George 
Westinghouse.  Both  the  steam  turbine  and  the  turbo-generator 
are  so  different  in  type,  construction  and  all  essential  details 
from  the  reciprocating  engine  and  the  slow-speed  alternator 
that  all  previous  experience  had  to  be  cast  aside  in  the  develop- 
ment of  these  machines.  The  problems  of  ventilation,  insula- 
tion, stresses  in  materials,  and  many  others  had  to  be  studied 
from  entirely  new  angles.  Experimental  units  as  large  as 
10,000  kv-a.  have  been  built  for  the  sole  purpose  of  studying  the 
best  method  of  ventilating  turbo-generator  units. 

While  much  research  of  the  kind  carried  on  by  Mr.  Westing- 
house is  still  necessary  in  the  development  of  the  company's 
product  it  is  coordinated  with  an  analytical  study  of  all  the  data 
available  and  supplemented  by  research  in  the  laboratory,  the 
factory  and  the  field.  The  laboratory  was  early  recognized  as  a 
necessary  part  of  the  engineering  equipment  and  several  were 
provided  for  different  purposes  in  which  much  research  was  done. 
The  present  organization  has  resulted  from  the  combining  of 
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It  is  probable  that  more  and  more  industries  will  establish 
research  departments  or  enlarge  their  research  work  (often  car- 
ried on  under  some  other  name)  and  that  these  will  in  a  large 
measure  for  the  present  work  independently  of  each  other.  We 
must  expect  competition  in  this  line  as  well  as  in  other  indus- 
trial lines.  We  may  confidently  predict,  however,  that  we  will 
have  an  increasingly  better  general  cooperation  of  all  research 
forces  and  such  agencies  as  the  National  Research  Council, 
which  bring  together  for  a  common  purpose  men  engaged  in 
every  phase  of  research,  should  have  a  profound  influence  on 
bringing  about  this  cooperation.  If  such  organizations  are  a 
benefit  in  times  of  national  stress  and  need,  surely  they  can  be  of 
similar  value  in  times  of  peace.  The  university,  the  government 
and  industry  each  has  its  distinctive  field  and  each  needs  the 
cooperation  of  the  others,  and  only  when  we  secure  complete 
cooperation  among  all  these  forces  can  we  make  our  best 
advances  as  an  industrial  people. 
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Discussion  on  "Industrial  Research  and  Its  Relation  to 
University  and  Governmental  Research/'  (SiCinner), 
Philadelphia,  Pa.,  Oct.  8,  1917. 

B.  A.  Behrend:  It  gives  me  particular  pleasure  to  be  able  to 
discuss  Mr.  Skinner's  paper.  For  ten  years  I  have  been  closely 
associated  with  him,  and  I  merely  want  to  add  my  voice  in 
praise  of  the  most  interesting  paper  which  you  have  heard  Mr. 
Skinner  present  this  evening. 

Mr.  Skinner  said  that  "the  development  of  the  turbo-generator 
to  its  present  state  of  perfection  is  perhaps  one  of  the  most 
notable  pieces  of  research  work  in  modern  times."  It  has  oc- 
curred to  me,  therefore,  to  devote  fifteen  minutes  of  your  time 
to  describing  in  some  detail  the  steps  and  the  process  through 
which  the  turbo-generator  has  reached  its  present  development. 
I  hope  you  will  overlook  any  personal  note  or  touch  of  egotism, 
as  I  am  relating  the  work  with  which  I  have  been  associated  and 
which  I  have  directed  for  the  past  fifteen  years. 

In  1902,  the  first  radial-slot  turbo-generator  was  designed  at 
the  Bullock  works  in  Cincinnati,  a  unit  of  1500  kv-a.,  operating 
at  1500  rev.  per  min.  This  unit  was  later  exhibited  at  St.  Louis, 
where  it  received  a  Grand  Prize.  It  is  interesting  that  only 
comparatively  small  changes  have  been  made  since  in  the  vital 
features  of  design,  and  that  it  has  become  the  prototype  adopted 
by  all  manufacturers  of  the  entire  family  of  turbo-generators  of 
today,  which  differ  in  no  material  degree  from  this  early  type. 
The  following  enumeration  will  give  an  idea  of  the  most  salient 
new  problems  which  were  encountered  and  in  which  research 
and  resourcefulness  had  to  be  developed. 

(1)  It  is  clear  that  a  unit  of  small  diameter  and  large  capacity 
and  high  speed  contains  a  very  much  larger  loss  per  cubic  inch 
of  material  than  does  a  unit  of  large  diameter  and  low  speed. 
To  aggravate  this  condition,  the  air  passages,  on  account  of 
differences  in  diameter  inside  and  outside  the  punchings,  are 
restricted  and  tend  to  the  development  of  eddies  in  the  flow  of 
air.  The  most  successful  earlier  machines,  therefore,  did  not 
circulate  the  air  through  the  cores  radially,  but  made  it  enter 
at  the  bottom,  circulating  it  circumferentially  through  the  lam- 
inations, and  letting  the  heated  air  escape  at  the  top.  In  later 
designs,  it  has  been  possible  to  return  successfully  to  carrying 
out  the  air  radially,  while  equally  successful  results  have  been 
obtained  by  passing  the  air  through  axial  holes  in  the  stationary 
punchings.  The  working  out  of  these  new  and  radical  methods 
of  ventilation  required  much  thought.  Even  in  the  present 
state  of  the  art,  it  requires  approximately  a  quantity  of  air 
equal  to  the  full  weight  of  the  turbo-generator  passing  through 
the  machine  every  forty  to  sixty  minutes.  In  other  words,  if 
a  large  turbo-generator  unit  weighs  300,000  pounds,  150  tons  of 
air  have  to  be  sent  through  it  in  a  little  less  than  an  hour,  in 
order  to  carry  off  the  heat  generated  by  the  losses.  How  im- 
portant under  such  circumstances  it  appears  to  pass  the  air 
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stress  in  the  center  of  the  disk  where  the  radial  stress  equals  the 
tangential  stress  if  the  disk  has  no  hole  at  the  center.  If  the 
disk  has  a  hole  at  the  center,  our  theory  and  our  test  showed  the 
tangential  stress  to  be  doubled,  which  is  natural  as  there  is  no 
radial  stress  to  help  share  the  load.  Figs.  3  and  4  illustrate 
these  results.  These  results  led  us  immediately  to  the  following 
conclusions  of  tremendous  importance,  which  have  become  the 
base  of  the  testing  of  materials.  All  test  bars  have  to  be  taken 
from  the  material  in  the  direction  in  which  the  stresses  occur, 
and  it  is  futile  to  make  indiscriminate  tests  on  bars  removed 
indiscriminately  from  the  material.  In  other  words,  if  hollow 
forgings  or  castings  are  to  be  used  for  turbo-rotors,  test  bars 


Scale  of  Radial  and  Tangential  Stresses 

Fig.  3 — Chart  of  Radial  and  Tangential  Stresses  in  Rapidly 
Rotating  Disk  or  Toroid 

Pigs.  1,  2,  3  to  10  represent  inner  radii  of  toxoids.  At  cylindrical  boundaries  radial  stresses 
OT  must  be  zero.  Tangential  stresses  j  are  a  maximum  at  the  inner  boundary.  7  -  flT 
at  the  center  of  disk.    2  (7  =  7  if  there  exists  a  small  hole  in  the  center  of  disk 

must  be  taken  radially  and  tangentially  from  the  material  and 
not  axially.  For  many  years  after  these  experiments  were  made, 
it  was  almost  impossible  to  convince  the  engineers  or  the  testing 
laboratories  or  the  steel  mills  that  such  procedure  had  to  be 
followed,  and  I  record  it  as  one  of  the  important  achievements, 
due  to  fifteen  years  of  persistence,  that  this  is  now  recognized 
as  a  matter  of  course. 

The  experiments  also  showed  that  it  was  of  primary  importance 
that  metal  should  be  able  to  flow.  In  other  words,  that  the 
ultimate  strength  and  the  elastic  limit  of  the  material  are  not 
the  factors  which  should  determine  its  usefulness  for  high  speed 
work.    It  is  the  ductility,  namely  the  percentage  elongation 
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Fig.  4 — Deformation  and  Strain 
Chart  of  Rapidly  Spinning  Disk 
and  Toroid 

Pigs.  1,  2,  3  to  1"  indicate  initial  inside  and 
outside  radii  of  disk  before  deformation.  These 
points  by  virtue  of  the  strain  distribution 
travel  along  the  dotted  lines  according  as  the 
inside  radius  of  the  toroid  is  small  or  large. 
The  disk  or  toroids  develop  concave  surfaces 
as  boundaries  perpendicular  to  the  axis  of  spin. 

The  thecry  makes  the  cylindrical  boundary 
generated  by  a  line  parallel  to  the  axis  of 
rotation,  while  in  reality  the  generating  line  is 
a  curve  with  its  center  on  the  line  of  symmetry, 
making  a  convex  surface  for  the  disk 


and  the  reduction  of  area, 
which  determines  the  fitness 
of  material.  We  demanded 
for  the  nickel  steel  disks 
which  we  used  25  per  cent 
elongation,  40  per  cent  reduc- 
tion of  area,  50,000  lb.  per  sq. 
in.  elastic  limit,  and  75,000  lb. 
per  sq.  in.  for  the  'ultimate 
strength.  Disks  were  made 
2.25  in.  thick  in  the  armor 
plate  department  of  the  Car- 
negie Steel  Company,  at 
Homestead,  in  1907,  under  the 
speaker's  supervision,  and 
under  the  personal  direction 


Fig.  5 

of  Superintendent  S.  S.  Wales 
and  Managing  Director  A.  R. 
Hunt  of  the  Carnegie  Steel 
Company,  to  whose  patience 
and  skill  were  due  the  remark- 
able results  obtained.  From 
these  disks,  strips  an  inch  or 
two  wide  were  taken  and  bent 
under  the  hammer  or  the 
press  flat  upon  themselves, 
showing  m  no  indication  of 
seams  on  the  outside,  although 
the  hole  at  the  center  (Fig.  5) 
was  only  large  enough  for  the 
size  of  a  knitting  needle,  an 
instrument  with  which  we  are 
now  all  acquainted. 

(3)  For  the  retaining  end 
rings  which  support  the  rotor 
coils,  an  entirely  new  material 
had  to  be  developed.    It  was 
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found  that  by  treating  the  nickel-chrome  armor-plate  steel,  which 
is  extremely  hard,  for  ductility,  a  material  could  be  obtained  with 
100,000  lb.  elastic  limit,  125,000  lb.  ultimate  strength,  22  per  cent 
elongation,  and  40  per  cent  reduction  of  area,  which  bent  beauti- 
fully cold  upon  itself,  and  whose  only  drawback  was  its  high 
magnetic  permeability.  Such  forgings  were  made  for  us  fourteen 
years  ago  by  Krupp,  Sir  William  Armstrong,  and  later  by  the 
Bethlehem  Steel  Company,  under  the  able  direction  of  their 
metallurgist,  Mr.  Edward  O'Connor  Acker.  With  these  new 
materials,  an  entirely  new  era  of  safe  construction  has  been 
entered  leading  to  a  discard  of  the  use  of  cast  steel  and  unreliable 
forgings  of  great  size  in  which  internal  stresses  are  unavoidable. 

(4)  The  design  of  the  plate  rotor  as  shown  in  Fig.  6,  thus  took 
its  origin  in  a  clear  understanding  of  fundamental  phenomena. 
The  building  up  of  the  rotor  in  such  a  manner  that  no  hole  was 
required  for  the  shaft,  bolting  on  the  ends  has  been  a  complete 
success.  The  construction  follows  the  idea  presented  in  the 
steam  turbine  of  that  creative  engineer  De  Laval,  to  whom  we 
owe  so  much  in  connection  with  the  advancement  of  engineering. 

(5)  In  the  development  of  the  electrical  part  of  the  generator, 
the  greatest  difficulty  is  caused  by  eddy  currents  generated  in  the 
windings.  The  subject  was  most  ably  investigated  by  the 
speaker's  long-time  associate,  A.  B.  Field,  A.  M.,  Cantab.  By 
bringing  to  bear  upon  this  problem  powerful  mathematical 
analysis,  he  showed  new  means  and  ways  to  deal  with  the  ex- 
tremely important  problem  of  reducing  the  eddy  current  losses. 

In  summing  up  our  labors  in  the  development  of  this  piece  of 
apparatus  now  so  essential  in  the  engineering  life  of  the  world 
in  our  great  power  houses,  and,  owing  to  Mr.  Emmet,  applied  to 
our  battleships  and  cruisers,  upon  which  the  defence  and  safety 
of  this  nation  depends,  it  is  with  regret  that  I  have  to  record  how 
little  assistance  was  obtained  by  consultation  with  scientific 
men  or  their  works.  Right  here  would  seem  to  be  the  oppor- 
tunity for  aid  to  be  rendered  the  engineer  by  those  who  know 
more  mathematics  and  physics  than  he  does,  but  little  of  that 
aid  has  been  forthcoming.  On  the  other  hand,  such  men  as 
Sir  George  Greenhill,  Prof.  Hele-Shaw,  Prof.  Horace  Lamb,  Sir 
Joseph  John  Thomson,  Prof.  Perry,  Prof.  Blondel,  Prof.  Bouasse 
represent  investments  to  their  nations  which  cannot  be  counted 
even  in  millions  of  dollars.  This  nation  must  not  become  de- 
pendent altogether  upon  the  scientific  thought  of  others.  With- 
out the  realization  of  the  importance  of  original  thought  and 
investigation,  the  cultivation  of  science,  and  the  theory  of  its 
application,  solely  for  the  fascination  and  interest  they  exercise 
inherently  upon  some  minds;  without  the  realization  of  the  im- 
portance of  the  modification  of  the  department  store  system  of 
university  education,  of  the  fallacy  of  expecting  great  results 
from  men  "told"  to  make  discoveries  rather  than  creating  an 
atmosphere  in  which  the  especially  gifted  may  devote  themselves 
to  investigation;  without  the  appreciation  of  such  almost  obvious 
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premises,  we  cannot  attain  the  scientific  eminence  which  is  the 
glory  of  England  and  of  France,  and  the  source  of  human  in- 
dustry, and  which  we  should  covet  for  the  greatness  of  America, 
our  country. 

V.  Karapetoff :  I  will  say  a  few  words  regarding  Mr.  Skinner's 
proposed  course  on  the  ethics  of  employment.  We  teachers 
hear  so  much  from  practicing  engineers — "Why  don't  you  teach 
the  ethics  of  employment?  "Why  don't  you  teach  your  stu- 
dents to  do  a  soldering  job  decently?"  "Why  don't  you  teach 
the  theory  of  determinants?  That  is  really  the  most  important 
thing  in  our  work."  These  unreasonable  demands  come  from  a 
lack  of  Conception  of  what  college  life  is.  A  prominent  educator 
has  well  said:  "School  must  not  be  a  preparation  for  life,  school 
should  be  life  itself." 

In  the  kindergarten  stage  we  are  approaching  this  ideal,  due 
to  the  efforts  of  Mme.  Marie  Montessori,  who  has  showed  us 
how  to  arrange  the  child's  life  in  such  a  way  that  it  is  not  a 
preparation  for  any  future  activity,  but  is  a  harmonious  and 
spontaneous  manifestation  of  child's  functions,  abilities  and  in- 
terests "now  and  here."  The  great  problem  with  young  men  in 
college  is  to  arrange  their  school  life  so  that  they  live  a  profes- 
sional life  in  the  present,  and  are  not  "drilled"  for  some  future 
employment  or  future  conditions.  If  college  life  could  be  so 
organized,  and  I  think  it  could,  then  we  would  not  have  to  teach 
the  ethics  of  employment.  The  student  would  be  employed  right 
there  in  an  ethical  way.  Every  time  I  hear  a  suggestion  of  a  new 
discipline  to  be  taught,  I  ask  myself  at  the  expense  of  what  other 
discipline  it  should  be  taught,  because  the  time  at  our  disposal 
for  teaching  various  things  is  limited. 

Another  of  Mr.  Skinner's  statements  also  impressed  me — he 
said  that  the  primary  function  of  the  college  is  to  develop  men, 
and  the  primary  function  of  an  industry  is  to  earn  dividends. 
Am  I  right  about  the  statement? 

C.  E.  Skinner:    Yes,  referring  to  research. 

V.  Karapetoff:  Dr.  Pender  has  stated  this  afternoon  that  it 
makes  no  difference  what  research  subject  the  student  is  working 
on,  even  if  it  be  a  repetition  of  some  old  experiment.  That  is  not 
psychologically  correct,  because  the  element  of  genuine  interest 
of  a  true  investigator  would  be  lacking.  That  again  would  be  a 
preparation  for  life — calisthenics,  so  to  say,  mental  gymnastics, 
rather  than  actual  work.  The  problem  must  be  new  and  original, 
no  matter  how  modest,  and  the  inspiration  should  come  from  the 
teachers,  which  means  that  the  teachers  must  also  do  research. 
To  inspire  their  students  for  research,  they  themselves  must  be 
investigators. 

Men  in  the  industry  have  told  us,  teachers  of  engineering 
subjects,  to  keep  away  from  practical  problems,  because  we  can- 
not keep  in  sufficiently  close  touch  with  these  problems,  and  may 
go  astray  and  work  on  things  that  are  not  needed.  They  say 
that  our  sphere  and  our  limit  should  be  pure  science.    But  are 
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there  only  two  kinds  of  research,  industrial  and  pure  scientific? 
Is  there  not  an  intermediate  kind,  which  out  of  deference  to  my 
colleagues  I  will  not  call  impure.  Let  me  call  it  semi-industrial 
research,  and  it  is  precisely  that  kind  of  research  that  we  teachers 
of  electrical  engineering  are  interested  in.  We  are  not  physicists 
nor  mathematicians,  so  that  pure  research  is  closed  to  us,  or 
else  we  would  be  encroaching  upon  other  branches  of  university 
instruction.  It  is  this  semi-industrial  research  that  is  our  proper 
field.  Perhaps  the  most  brilliant  representative  of  this  semi- 
industrial  research  was  the  late  Prof.  E.  Arnold  of  Karlsruhe, 
who  left  several  volumes  of  writings  on  the  subject  of  electrical 
machinery,  volumes  highly  prized  by  designers  and  scholars. 
He  was  a  man  who  combined  a  good  ability  for  original  research 
with  the  rare  ability  of  a  compiler  and  expounder  of  other  people's 
work. 

Between  the  Scylla  of  pure  science  and  the  Charybdis  of  in- 
dustrial research,  we  teachers  are  forced  into  the  middle  path  of 
work  on  the  theory  of  electrical  machinery  and  other  devices, 
a  subject  that  is  neither  pure  physics  nor  industrial  research. 
But  how  can  we  successfully  carry  on  this,  our  apportioned  task, 
unless  the  men  of  the  industry  tell  us  the  relative  value  and  im- 
portance of  different  topics?  The  poor  teacher,  separated  from 
the  inspiring  guidance  of  the  large  manufacturing  and  operating 
companies,  works  for  example  on  the  condition  for  the  maximum 
efficiency  of  a  machine,  and  then  he  hears  the  sarcastic  remark 
— Yes,  but  the  cost  of  manufacturing  and  the  reliability  of 
operation  are  of  much  more  importance  than  a  gain  of  a  few  per 
cent  in  the  efficiency.  So  the  poor  fellow  may  have  wasted  a 
year  or  two  on  that  problem. 

I  trust  we  all  drew  a  valuable  lesson  from  Mr.  Behrend's 
masterly  presentation,  though  a  lesson,  perhaps  not  intended  by 
Mr.  Behrend.  He  said — here  is  a  woeful  picture  of  what  col- 
leges are  not  doing.  And  I  say,  here  is  a  woeful  picture  and 
example  of  the  secrecy  of  manufacturers,  out  of  whom  for  many 
years  we  could  not  pull  any  information  as  to  what  research 
problems  were  needed  in  the  development  of  the  turbo-generator. 

Harold  Pender:  Prof.  Karapetoff  has  questioned  my  sugges- 
tion that  the  repetition  of  classical  researches  is  worth  while  in 
the  training  of  a  man  to  be  a  "researcher."  I  wonder  if  a  musi- 
cian writes  a  symphony  before  he  learns  to  play  some  that  have 
been  written  by  other  musicians.  I  would  like  to  hear  such  a 
symphony.  I  think  it  would  be  like  some  of  the  theses  that  are 
done  in  college. 

I  think  what  we  need,  as  I  said  this  afternoon,  is  some  means 
whereby  the  men  who  have  research  talent  may  be  encouraged 
to  continue  their  work  at  the  university  for  one  or  two  years 
more,  preferably  two  years.  The  reason  men  do  not  do  that, 
I  think,  is  due  to  the  fact  that  a  man  who  has  an  inclination  for 
research  work  is  also  under  the  necessity  of  making  his  living. 
Jfe  has  been  four  years  in  college,  it  has  cost  him  or  his  father 
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a  considerable  sum  of  money,  and  naturally  he  does  not  feel 
justified  in  spending  two  years  more  at  his  own  expense,  for  he 
knows  that  if  he  goes  immediately  into  active  service  in  the 
industry,  he  can  at  least  earn  his  bread  and  butter. 

If  the  manufacturing  companies  need  these  research  men, 
they  should  be  willing  to  do  something  to  encourage  them. 
Giving  a  man  a  job  in  a  research  department  before  he  has  been 
properly  trained  for  research  work  is  more  likely  to  discourage 
the  man,  rather  than  encourage  him.  Moreover,  from  the  stand- 
point of  the  company,  this  procedure  is  also  uneconomical. 
Whether  or  not  the  scheme  of  research  fellowships,  referred  to 
earlier  in  the  discussions  would  prove  economical  may  be  open 
to  question,  but  it  is  certainly  worth  trying. 

Oberlin  Smith:  I  do  not  think  that  we  can  value  too  much 
the  immense  importance  of  scientific  research  especially  along 
engineering  lines,  but  what  we  want  is  a  collaboration  of  the 
different  researchers,  so  to  speak,  so  that  their  work  all  comes 
together  and  is  available,  and  not  the  present  scattered  knowl- 
edge. If  we  take  a  dozen,  or  more,  of  the  so-called  engineering 
pocket-books,  excellent  as  they  are  and  want  to  find  the  tensile 
and  compressible  strength  of  steels  of  various  kinds,  there  is  no 
trouble  in  getting  the  information  from  these  books.  There  is 
much  of  it  which  comes  into  play  in  bridge  work  and  other  forms 
of  construction,  and  it  is  important  that  we  can  be  able  to  secure 
it  at  a  glance.  These  books  will  tell  you  the  tensile  strength  of 
cast-iron  and  sometimes  its  compressive  strength,  but  when  it 
comes  to  other  metals,  such  as  copper  etc.,  there  is  a  sad  dearth 
of  information.  Some  of  these  books  give  tables  showing  the 
tensile  and  compressive  strength  of  a  half-dozen  or  so  metals, 
but  they  do  not  give  many  data  regarding  the  less  common 
metals,  such  as  aluminium,  silver,  gold,  etc.  I  do  not  know 
where  you  can  find  in  these  books  the  strength,  elongation, 
hardness  and  annealing  qualities  of  alloys  of  aluminum,  now  so 
much  used.  The  designers  of  machinery  in  these  days,  following 
along  new  lines,  are  using  newer  metals,  like  the  various  alloys 
of  aluminum.  In  our  machinery  designing  we  want  to  know  the 
tensile,  compressive  and  shearing  strength  of  many  materials, 
not  only  the  different  metals  and  their  commoner  alloys,  but  of 
hard  rubber,  glass,  fiber  and  various  other  things.  We  want 
to  know  these  little  ordinary  facts,  and  know  them  quickly. 

There  is  no  question  but  what  in  our  college  laboratories  all 
over  the  country  there  is  a  great  deal  of  such  research  work  going 
on.  No  doubt  if  we  could  collect  it,  we  would  find  most  of  what 
we  want,  but  there  is  no  way  now  of  knowing  what  one  particular 
university  or  another  has  done,  and  many  of  them  are  dupli- 
cating the  work  done  by  others.  What  we  need  is  some  com- 
mittee to  correspond  with  the  laboratories  of  the  colleges,  with 
private  laboratories  and  the  laboratories  of  manufacturers,  to 
ascertain  what  lines  of  work  they  are  carrying  on.  Doubtless 
most  of  them  would  gladly  give  information  pertaining  to  these 
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phenomenon  in  his  mind.  He  must  have  an  imagination,  if  he 
is  going  to  be  an  engineer  of  any  kind  whatsoever,  research  or 
otherwise,  and  he  must  have  the  power  of  visualizing  these  phen- 
omena, he  must  see  them  in  more  than  their  crowded  superficial 
aspects,  he  must  be  able  to  go  into  an  analysis  of  them.  It  is 
not  necessary  for  him  to  have  all  the  mathematics  in  the  world 
to  be  able  to  handle  these  problems  mathematically  in  order  to 
see  that  the  flux  density  across  the  thickness  of  a  lamination, 
particularly  at  high  frequencies,  is  about  the  same  at  all  parts — 
he  can  see  that  phenomenon  physically  without  any  difficulty 
whatsoever  if  he  has  any  power  of  imagination,  and  it  is  his 
duty  to  do  that,  and  his  duty  to  recognize JJie  fact  that  the  calcu- 
lations based  on  the  assumption  of  constant  density  are  only 
roughly  approximate.  That  is  the  simplest  possible  explanation, 
but  there  are  thousands  of  other  instances,  in  the  case  of  elec- 
trical machinery,  where  the  crudeness  is  so  gross,  in  some  cases, 
that  it  is  absolutely  a  crime  to  teach  a  man  that  these  things  are 
what  they  appear  to  be  superficially. 

So  that  the  important  thing  from  the  educational  standpoint, 
to  my  mind,  is  not  the  question  as  to  whether  the  colleges  are 
teaching  a  man  research  work,  training  him  to  be  a  researcher. 
That  is  not  the  important  point  at  all,  so  much  as  whether  he  has 
been  given  a  good  foundation,  has  been  taught  to  think  and  en- 
couraged to  think.  We  do  not  encourage  the  students  to  think. 
I  speak  advisedly.  I  have  been  teaching  for  twenty-six  years 
this  subject  of  electrical  engineering,  and  have  been  in  close 
contact  with  the  products  of  other  institutions  as  well  as  their 
instructors,  and  it  is  a  great  temptation  to  provide  the  student 
with  this  superficial,  practical  information,  which  will  make  him 
fairly  useful  and  practical  the  moment  he  goes  out  of  the  college, 
but  he  would  have  been  more  useful  had  he  been  more  thoroughly 
grounded  in  the  fundamentals,  so  that  he  knows  that  he  has 
something  at  his  command,  which  he  can  use,  and  knows  how  to 
use. 

I  always  feel  a  little  bit  ashamed  of  myself  when  I  get  started 
off  on  this  hobby,  but  I  have  checked  it  up  in  various  ways,  and 
I  am  convinced,  as  I  am  of  anything  in  the  educational  field,  that 
I  am  right,  and  a  man  so  trained  will  make  a  good  researcher, 
and  fill  the  requirements  for  manipulative  skill.  Frequently  a 
perfectly  good  man  has  no  manipulative  skill,  no  resourcefulness 
in  devising  apparatus  and  things  of  that  sort.  My  belief  is  that 
we  should  give  him  an  opportunity,  in  other  words,  a  chance, 
and  train  his  mind  in  the  broadest  possible  sense,  and  then  let 
him  go  his  way. 

Just  one  other  point  in  regard  to  this  matter  of  coordinating 
research  work.  I  am  in  absolute  accord  with  that.  It  is  just 
as  unreasonable  for  us  to  go  in  this  absolutely  haphazard,  hit  or 
miss  fashion,  allowing  a  dozen  men  in  one  institution  to  carry  on 
a  lot  of  different  researches,  and  another  dozen  of  men  in  another 
institution,  without  any  knowledge  of  what  is  going  on  in  the 
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first  institution  do  some  work  of  a  similar  character,  none  of  them 
doing  it  thoroughly  or  satisfactorily  or  completing  it,  as  it  would 
be  for  each  family  to  get  along  by  itself  and  make  its  own  clothes 
and  shoes,  and  raise  its  own  food  supply,  and  provide  for  itself 
everything  else  th^t  it  required.  We  have  learned  to  carry  out 
the  theory  and  practise  of  the  division  of  labor,  as  society  has 
developed,  and  there  is  no  earthly  reason  why  that  principle 
should  not  be  applied  to  this  class  of  work. 

Let  me  illustrate  by  a  little  plan  of  co-operation  in  research 
which  I  worked  out  for  a  particular  purpose,  for  a  particular  field. 
There  is  the  question,  for  example,  of  high-tension  cable  design, 
taking  into  consideration  the  stresses,  etc.  That  is  a  question 
involving  the  most  thorough  knowledge  of  dielectrics  and  dilec- 
tric  phenomena,  a  problem  which  is  of  the  utmost  practical 
importance,  and  our  lack  of  knowledge  of  which  stops  our  ad- 
vance in  the  voltage  which  can  be  carried  on  high-tension  cables 
at  a  certain  point.  We  have  not  succeeded  in  making  cables 
which  will  carry  more  than  about  25,000  volts  in  practical  opera- 
tion, and  we  are  having  all  kinds  of  trouble  with  Public  Service 
Corporations  with  regard  to  the  high-tension  cables.  There  is  a 
problem  which  should  be  tackled,  not  by  one  corporation  or 
college,  or  one  commercial  industrial  research  laboratory — there 
is  a  problem  which  should  be  tackled  in  some  such  fashion  as 
this — Have  it  financed,  first,  not  by  one  corporation,  but  by  a 
lot  of  big  public  service  corporations  and  cable  manufacturers. 
If  the  cable  manufacturers  are  a  little  afraid  of  each  other,  and 
want  to  hang  on  each  to  his  own  little  secrets,  which*  do  not 
amount  to  a  hill  of  beans,  let  them  do  it.  The  Public  Service 
Corporations  alone  could  finance  it.  They  could  really  handle  it 
without  touching  their  financial  profits,  because  the  sum  which 
each  would  have  to  contribute  would  be  very  small,  indeed. 
Then  let  us  appoint  a  Committee  of  Research  Experts,  the  heads 
of  some  of  our  big  research  laboratories,  taking  in  our  industrial 
research  laboratories,  our  big  university  research  laboratories, 
and  independent  research  laboratories,  such  as  that  of  which  Dr. 
Sharp  is  the  head.  Appoint  that  cojnmittee  and  let  that  com- 
mittee lay  out,  not  a  few  superficial  tests  of  cables  in  place,  but  a 
series  of  research  operations,  some  dealing  with  the  fundamental 
laws  of  dielectrics,  some  going  a  little  further,  and  finally  some 
dealing  with  the  completed  cables. 

That  work  could  be  carried  out  at  an  insignificant  expense  to 
the  individual  corporation.  The  committee  could  meet  occa- 
sionally, discuss  the  results  obtained  in  these  various  laboratories, 
having  the  work  distributed  where  it  could  be  most  easily  han- 
dled. Then  the  plans  could  be  laid  for  the  next  subject,  and  that 
to  be  followed  by  the  next,  and  in  the  course  of  two  or  three 
years,  because  these  things  cannot  be  done  in  a  month,  you  would 
have  the  combined,  united  and  coordinated  effort  of  all  of  these 
various  agencies,  and  a  result  which  really  would  amount  to 
something,  and  might,  in  all  probability,  mean  an  advance 
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greater  than  that  which  would  ordinarily  be  reached  in  ten 
years. 

Oberlin  Smith:  I  am  glad  that  Prof.  Adams  has  spoken  of 
the  necessity  of  some  coordination.  Of  course,  the  members  of 
this  Society  are  chiefly  interested  in  electrical  research,  the  ascer- 
taining of  various  phenomena,  which  are  not  wholly  known, 
etc. — but  mechanical  engineering  is  now  so  mixed  up  with  elec- 
trical and  mining  and  civil  engineering  that  we  have  to  go  to 
each  other  in  a  good  deal  of  our  work.  In  my  opinion  there 
should  be  a  United  Engineering  Committee,  and  the  United 
Engineering  Building  in  New  York  City  would  seem  to  be  a 
world  center  for  something  of  this  kind.  Cannot  we,  therefore, 
at  some  time  in  the  near  future  have  some  such  a  place  where  all 
sorts  of  information  can  be  obtained  definitely,  and  if  so,  would 
not  the  United  Engineering  Society  be  the  proper  one  to  have 
various  committees  and  sub-committees  for  the  different  lines 
of  research  proposed. 

The  next  question  is,  can  this  Institute,  at  this  meeting,  or 
some  other  meeting,  take  some  initial  action  in  the  matter  and 
if  the  United  Engineering  Society  is  the  proper  body  to  carry  on 
this  work,  send  a  suggestion  or  request  to  them,  so  that  some 
action  of  the  kind  may  be  taken.  Most  of  this  information 
doubtless  now  exists  in  many  laboratories  that  have  made  such 
experiments,  and  records  thereof.  Students  in  the  various 
universities,  having  plenty  of  time  for  research  work,  will  doubt- 
less take  up  any  class  of  such  work  if  a  request  comes  for  it  from 
a  responsible  headquarters. 

William  McClellan:  Industrial  research  is  organized  pri- 
marily for  the  results  obtained  from  it.  Incidentally  it  is  organ- 
ized, of  course,  to  develop  the  men  in  the  research  laboratory, 
but  even  there  it  is  done  for  the  same  reason  as  you  develop  a 
man  in  the  department  of  salesmanship,  or  in  any  other  depart- 
ment, you  undertake  it  to  make  the  man  more  useful,  to  be  a 
broader  and  more  capable  man.  Primarily,  industrial  research 
is  organized  for  the  results  we  get  from  it.  Research  in  colleges, 
if  it  is  organized  for  anything  else  than  the  development  of  men, 
irrespective  from  what  may  come  from  it,  is  misplaced.  The 
university  is  endowed  primarily,  and  funds  are  given  to  it  from 
the  state  primarily,  for  the  purpose  of  advancing  general  and 
scientific  knowledge.  It  is  endowed  and  funds  are  given  to  it  to 
develop  men,  and  then,  because  men  cannot  possibly  be  de- 
veloped without  doing  research  work,  the  research  work  must  go 
along  with  it. 

When  I  read  in  the  papers  that  such  and  such  a  university 
has  had  a  million  dollars  given  to  it,  and  it  has  gone  to  London — 
they  used  to  go  to  Paris  and  Berlin — to  purchase  a  lot  of  magnifi- 
cent apparatus  with  which  to  do  research  work,  then  I  wonder, 
whether  another  university  has  quit  some  of  the  older  subjects  of 

 """'Hi  and  taken  up  aviation,  or  some  other  modern  subject. 

hat  some  of  them  have  laboratories  with  eight  or  ten 
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different  sized  airships,  and  are  going  to  do  research  work.  I 
think  they  have  a  misconception  of  what  research  work  is.  It 
seems  to  me  that  it  is  a  mistaken  idea  that  research  work  is  some- 
thing you  can  manufacture  and  make.  Research,  after  all,  is 
taking  notice.  That  is  what  it  is.  Of  course,  work  steadily  and 
take  notice.  There  was  no  difference  between  the  research  work 
of  Maxwell  and  Ford,  although  you  know  one  man's  results  are 
one  kind,  and  another  man's  results  are  of  another  kind.  Never- 
theless., they  were  both  taking  notice,  each  man  in  his  own  way. 

That  is  what  I  meant  by  saying  originally  that  research  work 
is  a  matter  of  method,  and  therefore,  when  we  come  to  training 
for  research  work  it  is  a  question  of  stressing  all  the  time  the 
absolute  necessity  of  whatever  you  are  doing,  whatever  is  taking 
place,  whether  an  old  or  a  new  experiment,  or  idea,  and  trying  to 
find  out  if  the  other  fellow  saw  everything.  It  is  not  a  question 
of  trying  to  see  what  the  other  man  saw,  but  an  attitude  of  mind 
— did  the  other  fellow  see  everything,  or  is  there  something  else 
to  see.  Then,  of  course,  this  question  of  method  comes  in  as  a 
matter  of  training;  the  method  of  doing  research  and  the  method 
of  keeping  the  record  of  it. 

As  to  the  training  problem,  what  do  you  find  ?  As  a  matter  of 
fact,  if  you  take  a  freshman  engineering  class,  you  will  find  that 
the  men  go  to  the  courses  of  that  class  for  one  hundred  or  one 
hundred  and  fifty  different  reasons.  One  man  has  read  a  novel  of 
some  engineer  in  the  West  surmounting  tremendous  difficulties, 
in  building  a  railroad  or  transmission  line,  and  because  the  man 
has  read  that  novel  he  wants  to  be  an  engineer;  another  man's 
father  was  an  engineer,  and  so  it  goes.  They  have  all  grades  of 
ability,  and,  therefore,  some  of  them  develop  into  one  thing, 
and  some  into  another.  That  is  one  view  of  it.  On  the  other 
hand,  you  have  a  clear  demand  for  operatives.  You  have  got  to 
make  the  universities  or  colleges  more  or  less  of  a  success,  so  far 
as  numbers  and  finances  are  concerned.  And,  as  I  say,  you  have 
a  clear  demand  for  practical  men  who  can  go  out  and  do  some- 
thing. You  must  amalgamate  that  heterogeneous  mass  that 
comes  to  you,  and  you  are  limited  in  what  you  can  do  by  the 
question  of  expense.  You  cannot  possibly  run  a  universal  course 
and  give  each  man  individual  training — take  this  man  and  study 
his  case  and  gradually  discover  that  he  ought  to  go  off  into  the 
mathematical-physics  field,  and  take  this  man  and  study  his 
case  and  gradually  discover  that  he  will  never  be  fit  for  anything 
at  all  but  to  record  readings  of  ammeters,  voltmeters  or  watt- 
meters. You  cannot  do  that.  So  you  are  compelled  to  com- 
promise. I  have  long  ago  given  up  the  idea  of  trying  to  tell  the 
men  in  the  educational  field  just  what  they  ought  to  do,  but 
at  the  same  time  there  is  one  fundamental  thought,  no  matter 
what  else  you  give  them,  the  idea  of  research  must  be  given. 
There  is  no  reason  whatever  why  a  man  should  not  be  trained 
thoroughly  as  he  goes  along,  and,  of  course,  as  he  goes  along  if  he 
discovers,  as  he  naturally  will,  or  others  will,  if  he  does  not, 
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that  he  has  certain  abilities  which  can  be  directed  into  certain 
activities,  advantage  can  be  taken  of  those  abilities.  It  will 
likewise  be  discovered  that  certain  men  have  no  ability  in  that 
particular  direction. 

The  opportunity,  as  Prof.  Adams  said  a  moment  ago,  must  be 
provided  for  the  development  of  each  of  these  men  after  they 
become  acquainted  with  any  given  subject.  I  know,  as  you 
know,  that  a  man  who  cannot  visualize  magnetic  induction,  a 
man  who  cannot  visualize  the  stresses  and  strains,  a  man  to 
whom  a  mathematical  formula  is  nothing  but  an  arrangement 
over  a  line  and  something  under  it,  had  better  leave  certain  fields 
of  research  alone,  but  that  does  not  mean  he  cannot  do  some  re- 
search work.  Some  of  the  best  research  work  in  agriculture  has 
been  done  by  the  farmer  who  knew  no  chemistry  whatever.  It  is 
an  attitude  of  mind  and  method,  and  of  course  the  colleges,  say  of 
them  what  you  will,  must,  for  a  variety  of  reasons  as  I  have  tried 
to  show,  compromise  on  this  problem  to  a  certain  extent,  but  the 
college  which  is  most  successful  will  not  compromise  in  regard  to 
its  principles  of  instruction,  it  will  only  compromise,  perhaps,  on 
the  material  facilities  which  its  building  offers,  in  the  spending 
of  any  limited  amount  of  money  which  it  has.  But  whatever  it 
may  be — whether  it  be  as  Sir.  William  Thomson  crossing  the 
ocean  with  nothing  but  his  pencil  and  tablet,  going  to  work  at 
various  problems  about  the  balance  wheel  of  a  watch  that  hap- 
pened to  attract  his  attention,  so  any  man,  no  matter  what  he 
is  doing,  if  he  is  given  that  attitude  of  mind  which  leads  to  re- 
search, will  take  it  up,  some  to  a  very  great  degree,  and  some  to 
a  very  slight  degree. 

Alexander  M.  Gray:  The  college  teacher  has  to  handle  ma- 
terial which  has  already  been  moulded  by  the  underpaid  teachers 
of  the  high  schools  and  perhaps  because  of  this  we  find  many 
students  who  can  follow  instructions,  but  comparatively  few  of 
the  research  type.  These  men  of  research  ability,  probably  not 
more  than  three  out  of  every  hundred,  undoubtedly  suffer  by 
being  put  through  a  course  designed  to  meet  the  needs  of  the 
other  ninety-seven. 

As  to  the  use  of  the  English  language:  my  experience  as  a 
teacher  has  been  that  there  is  little  difference  in  the  type  of 
report  prepared  by  two  students  one  of  whom  has  had  a  course 
in  English  composition  at  the  university,  but  that  there  is  a  great 
deal  of  difference  between  the  type  of  work  handed  in  by  the 
accurate  thinker  and  that  which  is  prepared  by  the  slovenly 
thinker. 

W.  L.  R.  Emmett:  I  was  interested  in  what  Mr.  Behrend 
said,  as  to  the  undesirability  of  importing  our  scientific  men,  and 
I  think  that  phase  is  a  really  important  feature  which  we  should 
consider.  The  actual  doing  of  work  may  not  require  science, 
but  most  good  work,  in  scientific  or  engineering  lines,  is  inspired 
and  enormously  assisted  by  the  higher  developments  of  science, 
i^chould  never  go  to  Sir  William  Thomson,  or  to  some  great 
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authority  in  a  college  to  find  out  how  to  design,  maybe,  a  turbine 
wheel,  because  I  think  that  research  is  one  thing,  and  scientific 
investigation  another,  in  a  sense;  that  is,  the  function  of  an 
engineer  is  to  be  just  as  deep  as  the  occasion  requires,  and  it  is 
far  easier  to  investigate  a  specific  case  than  it  is  to  investigate 
general  cases.  In  engineering,  I  think  that  any  recorded  knowl- 
edge is  seldom  good  enough  to  use,  and  I  think  that  data  gener- 
ally has  to  be  acquired  newly  in  every  case,  but  the  possibilities 
would  not  be  known  if  the  required  fundamentals  of  science 
were  not  recorded.  Furthermore,  there  is  a  language  of  science, 
and  there  are  methods  of  procedure  which  must  be  understood 
and  must  be  familiar  if  a  man  is  to  pursue  scientific  methods. 
We  are  in  urgent  need  of  scientific  men  of  the  highest  degree  of 
training,  and  to  supply  that  need  we  have  drawn  very  largely 
upon  Europe.  We  have  done  so  to  such  a  degree  I  have  often 
felt  ashamed,  that  we  with  all  of  our  means  for  acquiring  knowl- 
edge have  depended  so  much  upon  Europe  for  all  kinds  of  pure 
scientific  work  involving  calculations  and  involving  many  forms 
of  knowledge. 

The  reason  for  this,  is,  I  think,  apparent.  In  this  country 
there  has  been  a  tremendous  demand  for  men.  There  have  been 
all  sorts  of  activities,  bringing  rapid  returns,  whereas  in  Europe 
opportunities  have  been  less.  In  Europe  men  have  labored 
patiently  through  years  of  study  in  the  hope  that  they  may  at- 
tain a  higher  level,  and  have  been  satisfied  with  small  returns 
during  that  time.  In  Europe  there  has  been  an  excess  of  men, 
whereas  in  America  there  has  been  a  constant  shortage  of  men, 
and  for  that  reason  we  have  drawn  largely  upon  European  re- 
search, but  some  of  our  very  best  scientists  and  some  of  bur  very 
best  material  are  trained  in  American  colleges,  and  I  think  that 
the  conditions  which  have  arisen  now  will  lead  to  a  realization 
of  the  importance  of  research,  will  show  the  students  in  colleges 
that  there  is  big  money  in  science,  as  compared  with  simple 
engineering  education,  and  that  more  students  will  seek  to  be  real 
scientists. 

The  impression  which  I  have  formed  concerning  knowledge  of 
any  kind  is  not  that  it  is  difficult  to  acquire,  but  that  it  is  un- 
familiar; that  is,  there  is  nothing  complicated  in  the  most  ad- 
vanced theory  concerning  the  construction  of  an  atom,  the  ideas 
in  which  people  deal  in  such  studies  are  no  more  complicated 
than  the  ideas  of  simple  mechanical  motions,  but  a  man's  imag- 
ination must  form  a  picture,  and  he  must  be  brought  in  contact 
with  these  methods,  that  he  may  know  that  such  things  exist 
and  such  means  of  procedure  exist.  An  illustration  was  given 
this  afternoon  of  some  one  who  was  made  to  go  through  the 
calculations  relating  to  the  revolutions  of  the  sun — a  boy  who  has 
seen  that  done,  or  who  has  done  it,  would  know  the  way  such 
problems  have  been  solved,  and  having  known  it  once,  would 
never  forget  it,  and  if  he  had  some  problem  of  that  kind  to  solve, 
he  would  seek  the  scientific  and  best  way  of  doing  it  rather  than 
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flounder  about  in  an  uncertain  way.  There  is  not  work  enough 
in  higher  mathematics  or  in  the  higher  ranges  of  science  for  a 
great  number  of  men  in  any  one  industry,  but  there  is  a  demand 
for  them  all  over,  and  it  has  been  shown,  not  only  that  they  are 
very  valuable,  but  that  they  are  so  valuable  that  they  will  be 
paid  almost  any  money  within  reason,  if  they  have  the  imagina- 
tion and  the  scientific  ability  as  well.  I  think  of  cases  in  point 
in  our  own  research  laboratory.  I  can  think  of  several  men, 
Americans,  who  have  come  out  of  colleges,  as  teachers  or  prom- 
ising students  who,  through  association  with  scientific  men,  have 
drifted  to  Schenectady.  I  remember  one  of  these  men  talked 
to  me  when  he  first  came.  I  was  struck  with  the  impression 
that  he  was  a  man  who  had  for  several  years  been  simply  de- 
voting his  thoughts  to  the  abstract  principles  of  physics  and 
various  scholastic  ideals  regarding  a  number  of  physical  forces 
and  chemical  laws,  and  was  peculiarly  familiar  with  them,  but 
out  of  touch  with  the  uses  which  might  be  made  of  such  knowl- 
edge. I  thought  of  this  man  perhaps  unjustly,  as  an  accom- 
plished amateur,  as  far  as  engineering  was  concerned,  but  saw 
that  he  was  full  of  all  sorts  of  knowledge  which  appealed  to  my 
imagination  and  struck  me  as  wonderfully  useful.  Since  that 
time  he  has  produced  and  made  commercial  several  very  im- 
portant inventions  which  have  gone  out  into  the  world  and  be- 
come immensely  useful. 

I  think  the  colleges  should  not  try  to  be  research  institutions, 
unless  they  can  pay  men  good  money  for  valuable  work  which 
they  may  do  there.  I  think  that  they  should  do  research  enough 
to  give  men  an  idea  of  the  uses  of  science  in  connection  with 
work,  because  if  they  do  not  see  the  uses  to  some  extent,  they  will 
be  less  likely  to  intelligently  study  the  laws.  The  important 
thing  is  to  make  them  scientific,  men  who  can  really  do  the 
most  difficult  kinds  of  scientific  work.  We  cannot  make  all 
of  them  such,  but  those  who  elect  to  be  such  should  have  the  best 
possible  opportunities. 

C.  E.  Skinner:  A  number  of  those  discussing  this  paper  ap- 
parently assume  that  research  men  must  be  developed  during  the 
four-year  college  course.  I  intended  to  make  it  clear  in  my  paper 
that  it  was  my  idea  that  specialization  for  research  should  begin 
after  the  four-year  college  course  is  finished. 

For  a  number  of  years,  !  have  been  directing  the  work  of  a 
few  graduate  students  in  one  or  two  schools,  with  the  primary 
object  of  training  research  men.  These  men  are  paid  enough  to 
cover  expenses  and  they  give  half  their  time  to  the  problems  we 
set,  the  remaining  time  being  given  to  graduate  work  or  to  teach- 
ing. They  spend  their  summers  in  the  factory  and  in  the 
laboratories  and  it  is  expected,  of  course,  that  they  will  come  to 
us  when  their  one  or  two  years  work  is  completed.  This  arrange- 
ment has  given  us  some  very  excellent  men. 

Professor  Karapetoff  stated  that  the  university  must  do  re- 
search, in  order  to  teach  research  men.    I  agree  with  him  abso- 
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lutely  and  if  the  more  practical  problems  are  desired,  there  are 
many  which  could  be  outlined  for  use  in  this  connection.  For 
example,  in  line  with  Mr.  Smith's  suggestion,  I  would  propose  the 
problem  of  the  determination  of  the  hardness  (or  softness)  of 
copper  magnet  wire.  At  the  present  time,  we  know  of  no  really 
satisfactory  measure  of  this  property  of  copper  wire — the  tests 
and  the  judgment  of  the  men  doing  the  winding  not  infrequently 
being  completely  at  variance. 

Again,  a  number  of  speakers,  while  not  specifically  so  stating, 
seem  to  refer  to  the  research  man  as  a  man  of  genius.  We  need 
men  of  genius,  but  we  also  need  many  well-trained,  thorough 
painstaking  observers  for  each  man  of  genius.  There  are  few 
men  with  really  creative  minds  and  we  could  not  run  our  research 
laboratories  with  only  men  of  this  kind.  An  excellent  combina- 
tion in  the  conducting  of  research  is  to  assign  a  research  problem 
to  two  men — one  with  the  creative  type  of  mind  and  the  other 
with  the  mind  of  the  painstaking  observer  who  never  loses  sight 
of  a  point  until  he  has  accumulated  every  possible  bit  of  informa- 
tion in  connection  with  it. 

I  agree  with  Professor  Adams  that  men  should  be  taught 
principles  and  not  filled  up  with  information.  Dynamo  design 
taught  in  the  college  course  usually  has  little  in  common  with 
the  dynamo  design  as  practiced  in  the  manufacturing  companies. 

The  question  of  co-ordinating  research  has  been  the  subject 
of  very  earnest  discussion  in  the  National  Research  Council. 
The  members  of  the  Council,  while  possibly  not  representing  the 
entire  field,  are  endeavoring  to  do  exactly  what  has  been  sug- 
gested by  one  of  the  speakers,  in  that  they  are  trying  to  co- 
ordinate research  being  carried  on  at  the  different  universities 
and  the  different  research  laboratories.  It  is  extremely  desirable 
that  there  be  not  too  much  duplication  of  work  and  that  the 
results  of  fundamental  research  done  in  any  one  place  shall  be 
available  to  other  research  workers. 

Professor  Gray  states  that  the  schools  cannot  change  the 
training  of  97  per  cent  of  their  men  to  accommodate  the  3  per 
cent  who  aim  to  become  research  workers.  I  am  entirely  in 
agreement  with  this  statement,  but  I  see  no  reason  why  the 
men  who  have  a  leaning  to  research  cannot  be  given  some 
encouragement  along  that  line  and  provision  made  for  the  ever 
increasing  number  of  research  men  who  are  going  to  be  necessary 
to  the  industry  and  to  encourage  them  to  take  more  than  their 
regular  four-year  college  course.  If  the  need  of  trained  research 
men  were  properly  recognized,  the  money  for  such  training  would 
probably  not  be  difficult  to  secure.  Dr.  Agnew  brought  out 
very  strikingly  the  need  of  research  men  in  Government  work 
and  we  have  information  that  the  British  Government  and 
British  engineers  recognize  at  this  time  as  never  before  the  need 
for  research  men,  not  only  at  present,  but  after  the  war  is  over. 
During  his  recent  visit  here,  Sir  Ernest  Rutherford  made  the 
statement  that  in  the  problem  of  submarine  warfare  alone  there 
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were  very  many  promising  leads  which  might  be  followed  but  for 
lack  of  the  necessary  research  workers  and  facilities. 

N.  S.  Diamant  (communicated  after  adjournment):  Both 
Mr.  Skinner  and  Mr.  Kennelly  seem  to  agree  that  the  "principal 
function  of  university  research  should  be  to  train  research  men." 
Now,  it  will  be  conceded  that  universities  cannot  possibly  do  this 
properly  unless  they  support,  encourage  and  produce  themselves 
high  grade  research.  Thus  we  find  Mr.  Skinner  stating  that  in 
training  research  men  the  universities  will  naturally  become  the 
custodians  and  the  promoters  of  research. 

In  regard  to  the  proper  support  of  research  men  it  is  difficult 
to  add  anything  to  Mr.  Skinner's  statement.  He  describes  the 
situation  very  vividly  wh^n  he  states  that  while  writing  his 
paper  he  received  letters  of  inquiry  for  positions  offering  com- 
pensations not  commensurable  with  the  qualifications  required 
of  the  men  to  fill  the  positions — teaching  or  teaching  and  re- 
search. I  believe  that  the  frank  and  salutory  remarks  made  in 
this  connection  are  very  significant  and  worthy  of  special  note: 
he  says  that  it  is  generally  understood,  at  least  by  those  outside 
the  teaching  profession,  that  there  are  many  compensations, 
such  as  short  hours  and  long  vacations.  This  calls  for  little  com- 
ment except  that  the  man  who  wants  to  work  need  not  have  either 
short  hours  or  long  vacations.  Although  financial  support  is 
not  only  necessary  but  fair,  it  is  well  not  to  lose  sight  of  another 
element  which  money  cannot  buy — recognition.  I  can  possibly 
illustrate  best  what  I  mean  by  a  concrete  case.  Last  May  when 
so  many  college  men  answered  the  call  to  the  Colors  it  was  not 
uncommon  to  pick  up  a  daily  paper  and  find  special  mention  of 
Mr.  A  or  B,  great  athlete  in  such  and  such  college;  however,  few 
if  any  graduate  or  undergraduates,  Messrs.  X.  Y  or  Z  were  men- 
tioned who  had  maintained  an  excellent  standing  throughout 
their  college  course,  or  men  who  had  done  some  excellent  piece  of 
research,  etc.  This  is  intended  merely  as  an  illustration  to  show 
that  research  cannot  be  fostered  and  produced  by  money  and 
equipment  alone — though  these  are  absolutely  necessary,  recog- 
nition and  a  sympathetic  liberal  atmosphere  is  also  essential. 

Some  people  seem  to  attach  great  importance  to  the  rela- 
tionship that  should  exist  between  the  university  research  and  the 
industry.  However,  it  seems  to  me  that  the  real  problem  is  the 
introduction  of  high  grade  research  itself,  into  as  many  schools  of 
the  country  as  possible,  under  the  direction  of  capable  and  far- 
sighted  men  carrying  instruction  and  investigation  side  by  side. 
If  this  be  accomplished,  the  rest  will  take  care  of  themselves, 
for  the  simple  reason  that  essentially  industrial  research  and 
university  research  are  fairly  distinct  and  do  not  conflict.  The  . 
principal  distinction,  as  brought  out  by  Past-President  Carty  over 
a  year  ago,  is  one  of  motive  and  ethics.  The  latter  may  of 
course  change  with  a  change  of  patent  laws. 

Because  industrial  laboratories  have  been  so  successful, 
univnmUwnp  should  not  attempt  to  imitate  them  blindly;  they 
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should  as  a  rule  attack  fundamental  problems  and  attempt 
general  rather  than  particular  solutions.  For  example,  a  manu- 
facturer may  study  the  ventilation  and  heating  or  commutation, 
or  noise  and  humming,  etc.,  of  a  new  line  of  machines  he  is 
bringing  out,  with  the  view  of  remedying  some  definite  troubles 
or  improving  certain  definite  characteristics.  The  university  on 
the  other  hand  should  study  the  general  laws  of  heat  generation 
and  heat  transference  or  noise  in  machines.  While  the  former 
is  in  a  hurry  for  definite  results  and  may  well  afford  to  use  cut  and 
try  methods,  the  latter,  should  attempt  to  be  systematic  and 
attack  the  problem  from  a  general  and  broad  point  of  view.  Of 
course,  there  will  be  some  overlapping.  Industrial  laboratories 
have  to  do  and  are  doing  excellent  general  university  research; 
however,  it  is  probably  best  for  colleges  to  do  as  little  purely  com- 
mercial and  industrial  research  as  possible,  even  though  it  offers 
the  great  inducement  of  immediate  application  and  financial 
return. 
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AN  EXPERIMENTAL  METHOD  OF  OBTAINING  THE 
SOLUTION  OF  ELECTROSTATIC  PROBLEMS  WITH 
NOTES  ON  HIGH-VOLTAGE  BUSHING  DESIGN 


BY  CHESTER  W.  RICE 


Abstract  of  Paper 

The  electrodynamic  method  for  obtaining  the  solution  of 
electrostatic  and  allied  problems  is  developed  to  a  high  degree  of 
accuracy.  The  method  is  then  applied  to  the  study  of  high- 
voltage  bushings.  An  experimental  high-air-efficiency  bushing 
was  built  and  tested  with  the  result  that  the  arc-over  was  very 
materially  lower  than  had  been  anticipated. 

A  study  was  then  made  to  ascertain  the  reason  for  this  large 
discrepancy,  which  was  found  to  be  due  to  an  unexpectedly 
large  surface  effect  which  varied  greatly  with  different  materials. 

After  obtaining  the  numerical  value  for  the  surface  effect  a 
reasonably  accurate  predetermination  of  the  arc-over  of  struc- 
tures, in  which  the  stress  distribution  is  known,  can  be  made. 

In  order  to  determine  the  desirability  of  using  artificial  equipo- 
tential  surfaces  to  increase  the  efficiency  of  the  use  of  the  support- 
ing dielectric,  diagrams  were  taken  and  a  small  bushing  of  this 
type  constructed  and  tested. 

A  study  was  then  made  to  find  out  whether  the  reduction  in 
diameter  of  condenser  bushings  is  principally  due  to  equalization 
of  potential  or  due  the  greater  strength  of  insulation  when 
barriers  are  used.  As  a  result  of  this  work,  it  is  believed  that  the 
barrier  effect  greatly  predominates. 

A  short  discussion  follows  which  shows  the  difficulties  of  ob- 
taining a  sufficiently  exact  theory  of  bushing  design  to  enable  us 
to  predetermine  the  most  efficient  shape  for  a  practical  bushing. 

A  series  of  small  bushings  were  made  and  tested  with  a 
view  to  determining  the  general  shape  and  characteristics  which 
go  to  make  up  a  practical  all  around  bushing. 

The  appendix  gives  an  unexpurgated  solution  of  the  following 
two-flow  problems. 

I.  The  distribution  of  the  electrostatic  field  when  any  two 
confocal  hyperboloids  of  revolution  of  one  sheet  and  of  the  same 
family  are  maintained  at  given  potentials. 

II.  The  distribution  of  the  electrostatic  field  when  any  two 
confocal  hyperboloids  of  revolution  of  two  sheets  and  of  the  same 
family  are  maintained  at  given  potentials. 


Introduction 

IN  general,  a  bushing  has  to  serve  two  purposes;  first, 'it  must 
support  the  leading-in  wire  or  conductor  and  must  act  as  a 
mechanical  unit  capable  of  being  removed  or  replaced  in  case  of 
damage;  secondly,  it  must  insulate  the  high-potential  conductor 
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from  the  tank  which  is  usually  at  zero  or  ground  potential.  The 
leading-in  wire,  or  what  may  be  called  the  high-voltage  electrode 
may  have  various  shapes.  The  tank  with  hole  in  it  may  be 
called  the  grounded  electrode  and  it  may  be  shaped  in  various 
ways.  A  solid  supporting  dielectric  is  necessary  to  make  the 
structure  a  mechanical  unit,  that  is,  to  mechanically  connect 
the  high-voltage  central  electrode  with  the  tank  or  grounded 
electrode.  Between  the  grounded  electrode  and  the  high-voltage 
electrode,  isolated  metallic  surfaces  may  be  introduced  which 
will  form  artificial  equipotential  surfaces.  The  condenser  bushing 
is  a  familiar  example. 

The  electrical  part  of  the  design  consists  in  studying  the 
electrostatic  field  distribution  between  the  electrodes  in  order 
to  use  the  various  available  insulating  materials  to  their  best 
advantage.  It  is  obvious  that  there  are  large  numbers  of  possible 
electrode  shapes  and  arrangements,  the  electrostatic  field  dis- 
tribution of  which  should  be  studied  in  order  to  determine  the 
one  which  is  best  adapted  for  commercial  use.  The  following 
investigation  was  undertaken  with  a  view  of  determining  the 
theoretical  possibilities  of  some  of  the  various  possible  arrange- 
ments. The  work  was  started  in  July  1914,  and  extended  with 
short  interruptions  to  July  1916.  Naturally  an  investigation  of 
this  nature  is  never  complete  but  I  hope  that  the  work  to  be 
described  will  be  of  interest  to  engineers  and  also  stimulate 
others  to  take  up  the  work  so  that  eventually  we  will  have  a 
better  and  more  complete  understanding  of  this  and  similar 
problems. 

Preliminary  Work 

The  preliminary  work  consisted  in  investigating  the  possi- 
bilities of  obtaining  a  reasonably  approximate  solution 
of  the  bushing  problem.  The  first  question  which  presented 
itself  was  the  following:  Can  two-dimensional  fields  be  rotated 
and  used  as  satisfactory  approximations  for  three-dimensional 
problems?  In  order  to  test  out  this  matter  the  literature  was 
searched  for  a  solution  of  the  rod  and  torus  problem,  so  as  to  be 
able  to  compare  it  with  the  solution  obtained  by  rotating  the 
field  of  two  parallel  wires.  If  the  approximate  solution,  as 
obtained  by  the  rotation  of  the  plane  figure,  did  not  prove  useful 
as  a  result  of  comparison  with  the  exact  solution,  it  was  thought 
that  possibly  some  simple  law  of  distortion  or  stretching  might 
he  arbitrarily  imposed  upon  the  rotating-plane  diagram  which 

mid  change  the  lines  of  force  and  equipotential  surfaces  so  as 
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to  closely  conform  with  the  accurate  three-dimensional  solution. 
If  such  -a  procedure  was  found  possible,  it  was  hoped  that  the 
same  method  could  be  used  in  transforming  the  many  available 
two-dimensional  problems  into  approximate  solutions  of  the 
related  three-dimensional  figures  of  revolution. 

The  problem  of  insulating  two  parallel  wires  was  studied  in 
order  to  compare  some  of  the  various  criterions  which  might  be 
advanced  for  the  correct  and  strongest  surface  along  which  to  place 
the  insulating  material.  For  this  preliminary  work  the  question 
of  different  inductive  capacities  was  neglected.  The  following 
surfaces  were  studied  by  graphical  construction  on  a  large  sized 
diagram  of  the  field  between  parallel  wires  drawn  for  equal  tubes 
of  electrostatic  flux  and  equal  differences  of  potential. 

I.  — Constant  surface  flux  density. 

Equal  areas  between  lines  of  flux  on  equipotential 
surfaces. 

II.  — Surface  of  constant  potential  gradient. 

Equal  distances  along  lines  of  force  between  equipo- 
tential surfaces. 

III.  — Surface  of  constant  volume  energy  density. 

Surface  defined  by  unit  cells  of  equal  volume. 

IV.  — Surface  such  that  the  component  of  the  potential 

gradient  along  the  surface  has  a  definite  limited 
value,  for  example  say,  50  per  cent  of  the  gradient. 
The  object  in  studying  such  a  surface  is  apparent 
if  we  assume  that  the  surface  of  the  insulation  in- 
troduces a  weakening  effect.  For  in  that  case  the 
component  of  the  gradient  tangent  to  the  surface 
must  not  exceed  the  breakdown  strength  of  the 
surface,  whereas  the  actual  gradient  may  be  equal 
to  the  dielectric  strength  of  the  surrounding  dielec- 
tric. 

V.  — Surfaces  of  constant  creepage. 

Equal  distances  between  equipotential  surfaces. 

The  surfaces  defined  in  I,  II  and  III  were^seen  to  be  identical 
as  would  be  expected. 

The  corresponding  surfaces  were  drawn  for  the  solid  figure 
resulting  from  the  rotation  of  a  right  section  of  the  plane  figure. 
Of  course,  such  a  procedure  does  not  give  the  solution  of  the 
torus  problem,  but  as  explained  above  it  was  done  in  order  that 
the  result  might  be  compared  with  the  true  solution  of  that 
problem. 

A  search  of  the  literature  failed  to  yield  a  useful  solution  of 
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the  torus  problem.  C.  L.  Fortescue  and  S.  W.  Farnsworth1 
state  that  the  smooth  lines  (in  Fig.  4  of  the  paper)  show  theoreti- 
cal equipotential  surfaces  of  indicated  potential  for  the  given 
terminals.  Inspection  of  the  figure  shows  that  the  smooth 
surfaces  are  those  cut  out  by  revolving  a  family  of  circles  about 
the  axis  of  the  rod  which  would  yield  a  set  of  anchor  rings,  the 
orthogonal  surfaces  would  then  be  a  set  of  spheres.  That  this 
cannot  be  a  solution  of  the  torus  problem  is  stated  by  W.  E. 
Byerly.1  "Indeed  no  possible  distribution  can  make  our  anchor 
rings  or  our  spheres  a  set  of  equipotential  surfaces."  It  is 
therefore,  evident  that  their  solution  and  the  calculations  given 
in  their  curves  Figs.  13,  14,  18  and  19  must  have  been  the  result 
of  some  sort  of  an  approximation.  It  seems  to  me  that  a  dis- 
cussion would  have  added  to  the  interest  and  clearness  of  their 
paper. 

A  study  of  the  solution  of  the  torus  problem,  as  outlined  by 
Byerly  and  also  given  by  Hicks,3  convinced  me  that  the  difficul- 
ties of  calculating  sufficient  points  for  the  construction  of  a 
diagram  of  the  field  would  be  very  great,  and  even  if  the  solution 
were  available,  it  would  not  be  of  great  assistance  in  solving  the 
bushing  problem  because  the  rod  and  torus  does  not  constitute  a 
self-supporting  structure  resembling  a  bushing.  It  was  realized, 
at  this  time,  that  if  the  solution  of  an  infinite  rod  passing  per- 
pendicularly through  a  hole  in  a  plane  were  available,  it  would  be 
of  considerable  value  as  this  would  constitute  the  simplest  form 
of  bushing. 

As  a  result  of  this  preliminary  work,  the  difficulty  of  obtaining 
even  approximate  mathematical  solutions  of  such  electrostatic 
problems  was  brought  out.4 

Various  experimental  methods  were,  therefore,  looked  into 
with  the  hope  of  obtaining  a  method  which  would  enable  us  to 
obtain  experimentally  the  solution  of  any  desired  electrostatic 
problem. 

1.  11  Air  as  an  Insulator  when  in  the  Presence  of  Insulating  Bodies  of 
Higher  Specific  Inductive  Capacity."  A.  I.  E.  E.  Trans.,  1913,  Vol. 
XXXII,  Part  I,  p.  893. 

2.  Fourier's  Series  and  Spherical  Harmonics  page  265. 

3.  Toroidal  Functions,  Philosophical  Transactions  of  the  Royal  Society, 
Part  III,  pages  608-562,  1881. 

4.  In  this  connection  it  is  interesting  to  read  what  Maxwell  has  to  say 
about  such  problems;  Electricity  and  Magnetism.    Vol.  I,  page  177-178. 
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The  desired  diagrams  can  be  obtained  in  a  variety  of  ways6 
some  of  which  are  enumerated  below: 

I.  Directly  calculated  by  the  process  of  cut  and  try.  This 
method  is  outlined  by  Karapetoff6  from  which  I  quote  in 
part;  "In  order  to  calculate  the  permittance  (capacity)  of 
a  given  dielectric,  or  to  find  the  flux  densities  and  stres- 
ses in  different  parts  of  it,  proceed  as  follows:  The  field  is 
mapped  out  into  small  cells  by  lines  of  force  and  equipotential 
surfaces,  drawing  them  to  the  best  of  ones  judgment,  the  total 
permittance  is  calculated  by  properly  combining  the  permittances 
of  the  cells  in  series  and  in  parallel.  Then  the  assumed  directions 
are  somewhat  modified,  the  permittance  is  calculated  again,  and 
so  on,  until  by  successive  trials  the  positions  of  the  lines  of  force 
are  found  with  which  the  permittance  becomes  a  maximum. " 
The  method  of  successive  approximations  was  systematized 
and  used  by  Lord  Rayleigh.7 

While  theoretically  possible  in  all  cases  this  method  is  very 
laborious  even  for  problems  in  two  dimensions  and  for  three- 
dimensional  problems  it  becomes  still  more  exasperating,  as  will 
be  readily  discovered  by  anyone  who  tries  it.  A  considerable 
assistance  in  the  application  of  this  method  is  rendered  by  ex- 
perimentally obtaining  the  approximate  direction  of  the  lines  of 
force  by  the  well  known  method  of  using  mica  filings,  or  better 
fine  needle-shaped  pieces  of  glass  which  can  be  obtained  by 
grinding  up  glass  wool  or  fabric. 

II.  Obtain  experimentally  the  isothermal  surfaces  in  the 
related  heat-flow  problem.  Experimental  difficulties  such  as 
radiation  and  conduction,  obviously  make  this  method  imprac- 
tical. 

III.  Obtain  the  equipotential  surfaces  in  the  equivalent 
electrical  conduction  problem8  or  what  I  have  termed  the  elec- 
trodynamic  method. 

5.  For  references  to  the  numerous  articles  on  this  subject  I  will  refer 
the  reader  to  those  contained  in  the  excellent  article  on  this  same  subject 
by  John  F.  H.  Douglas,  A.  I.  E.  E.,  Trans.  1915,  Vol.  XXXIV,  Part 
I,  page  1067,  "The  Reluctance  of  Some  Irregular  Magnetic  Fields." 

6.  Electric  Circuit,  pages  160-163. 

7.  See  Phil.  Trans.  Royal  Society,  1871,  p.  77,  "On  the  Theory  of  Reso- 
nance,'1 also  "Theory  of  Sound,"  Vol.  II,  p.  171. 

8.  I  understand  from  Mr.  Douglas'  paper  "The  Reluctance  of  Some 
Irregular  Magnetic  Fields",  A.  I.  E.  E.,  Trans.,  1915,  Vol.  XXXIV, 
Part  I,  p.  1081,  that  Kirchoff  first  proposed  such  a  method  in  1845,  and 
was  subsequently  modified  and  employed  by  many  investigators.  Re- 


910 


RICE:  ELECTROSTATIC  PROBLEMS 


[Nov.  9 


The  possibilities  of  this  method  appeared  very  attractive  and 
it  was,  therefore,  selected  as  the  one  best  suited  for  the  present 
purposes. 

The  Electrodynamic  Method 
The  method  consists  in  obtaining  the  equipotential  surfaces 
for  any  desired  shape  of  electrodes  from  the  exactly  analogous 
conduction  problem  in  an  electrolyte.  Thus  the  chosen  elec- 
trode shapes  are  placed  in  an  electrolyte  and  alternating  current 
passed  between  them.  The  equipotential  surfaces  are  then 
obtained  by  an  exploring  point  connected  through  a  quadrant 
electrometer  to  a  definite  known  potential  with  regards  to  that 
between  the  electrodes.  The  locus  of  the  points  of  zero  potential 
difference  as  thus  read  by  the  electrometer  constitutes  the 
desired  equipotential  surface. 


Fig.  2 


The  electrodes  under  investigation  were  placed,  in  a  large  box 
made  of  paraffine  treated  wood  and  filled  with  an  electrolyte — 
ordinary  city  water  being  found  most  convenient.  The  box  was 
bolted  together  on  the  outside  as  will  be  seen  in  Fig.  1,  thus 
eliminating  all  metal  from  contact  with  the  electrolyte  in  the 
box.  A  small  transformer  (200  watt)  was  employed  to  step 
down  the  110- volt,  60-cycle  lighting  circuit  to  55  volts  which 
was  used  as  supply  for  the  tests.  A  non-inductive  resistance 
of  6490  ohms,  divided  into  50  equal  parts,  was  shunted  across 
the  mains  between  the  electrodes.  The  exploring  pointer  which 
was  carried  by  the  pantograph  consisted  of  a  slender  glass  tube 

cently  C.  L.  Fortescue  and  S.  W.  Farnsworth,  A.  I.  E.  E.,  Trans.,  1913, 
Vol.  XXXII,  Part  I,  p.  893,  "Air  as  an  Insulator  when  in  the  Presence  of 
Insulating  Bodies  of  Higher  Specific  Inductive  Capacity",  as  well  as 
Mr.  J.  F.  H.  Douglas  have  employed  this  method. 
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with  a  small  platinum  wire  sealed  through  at  the  end.  The  glass 
tube  was  slipped  over  a  metal  tube  carried  by  the  pantograph  and 
the  insulated  wire  brought  out  from  the  platinum  point  through 
the  metal  tube.  The  metal  tube  was  used  for  mechanical  stiffening 
and  the  glass  tube  with  platinum  point  so  as  to  avoid  electrical 
leakage.  Any  defect  in  the  insulation  such  as  a  crack  in  the 
glass  tube  being  easily  detected. 

The  pointer  was  connected  to  one  pair  of  quadrants  of  the 
electrometer,  the  other  pair  being  connected  to  a  point  of  known 
potential  on  the  resistance  R,  Fig.  2.  The  needle  of  the  elec- 
trometer had  a  metallic  suspension  and  was  kept  at  g,  definite 
potential  above  that  of  the  quadrants  by  the  transformer  as 
shown  in  the  illustration.  This  method  of  excitation  gives  a 
constant  sensitivity  regardless  of  the  point  at  which  connection 
is  made  to  the  resistance  R.  It  also  makes  it  possible  to  change 
the  sensitivity  of  the  instrument  by  varying  the  potential  ap- 
plied to  the  needle.  For  example,  in  exploring  the  field  between 
a  given  pair  of  electrodes  we  can  apply  a  certain  low  potential 
to  the  needle  when  exploring  the  dense  part  of  the  field,  and 
when  exploring  the  weak  part  of  the  field  we  can  raise  the  po- 
tential applied  to  the  needle  by  selecting  a  tap  on  the  exciting 
transformer.  Thus,  we  can  maintain  equal  accuracy  in  all 
portions  of  the  field. 

Some  of  the  advantages  of  using  the  arrangement  described 
above  are  as  follows:  The  use  of  alternating  current  eliminates 
polarization,  to  a  large  extent,  and  automatically  gives '  'reversed" 
readings.  The  use  of  a  quadrant  electrometer  has  the  advantage 
that  it  takes  practically  no  energy  to  operate,  and  it  is  a  good 
zero  instrument  since  when  a  point  has  been  nearly  located  the 
difference  in  potential  between  the  quadrants  is  small  in  compari- 
son with  that  of  the  needle  and  under  these  conditions  the  de- 
flection is  very  nearly  proportional  to  the  potential  difference 
being  measured.9 

The  fact  that  these  experiments  were  carried  out  on  a  large 
scale  combined  with  the  small  energy  necessary  to  operate  the 
electrometer  made  it  possible  to  use  ordinary  city  water  as  the 
electrolyte  which  is  obviously  a  great  convenience. 

9.  For  the  theory  of  the  quadrant  electrometer  reference  may  be  made 
to  Maxwell,  "Electricity  and  Magnetism,"  Vol.  I,  page  338;  Jeans, 
"Electricity  and  Magnetism,"  Vol.  I,  page  108;  J.  J.  Thomson,  "Elec- 
tricity and  Magnetism,  Vol.  I,  p.  97-103. 
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Method  of  Procedure 
In  applying  the  electrodynamic  method  to  problems  having 
symmetry  about  an  axis  of  revolution,  a  quadrant  or  octant  of 
the  actual  figure  was  studied  because  in  this  manner  the  size 
of  the  electrodes  used  could  be  made  larger  and,  therefore,  the 
accuracy  correspondingly  improved.  Skeleton  electrodes  were 
used  because  of  the  obvious  ease  with  which  they  can  be  cut  out 
of  tin  or  other  metal,  and  for  the  further  reason  that  if  it  ever 
becomes  possible  to  obtain  a  mathematical  solution  of  such 
problems  the  boundary  conditions  would  be  of  as  simple  geom- 
etry as  possible.  Of  course  in  applying  the  resulting  diagrams 
to  the  design  of  any  piece  of  apparatus  the  electrode  shape  which 
would  actually  be  built  and  used  would  conform  to  one  of  the 
experimentally  obtained  equipotential  surfaces  at  some  distance 


Fig.  3 


from  the  actual  skeleton  electrodes.  Under  some  circumstances 
it  would  be  desirable  to  employ  actual  models  of  the  desired 
electrodes. 

The  method  of  images  is  obviously  applicable  and  is  of  con- 
siderable value  in  improving  the  accuracy  and  simplifying  many 
problems.  For  example,  if  we  wish  to  study  the  disturbing 
influence  of  one  bushing  in  proximity  to  another,  when  they  are  fit 
opposite  potentials,  we  can  set  up  the  experiment  as  shown  in 
Fig.  3.  In  this  manner  we  can  determine  the  maximum  stress 
between  the  two  bushings  and  the  minimum  stress  on  the  out- 
side of  the  bushing.  Of  course  a  diagram  taken  in  this  manner 
is  no  longer  a  plane  section  through  a  figure  of  rotation. 

Theoretically  there  is  no  difficulty  in  obtaining  the  solution  of 
electrostatic  problems  involving  materials  of  different  inductive 
capacities  by  this  method,  as  we  may  employ  electrolytes  or 
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materials  having  the  proper  relative  conductances.  Practically, 
however,  there  are  obvious  difficulties  in  obtaining  materials 
having  suitable  characteristics  especially  for  the  case  of  three- 
dimensional  problems. 

In  Fig.  4a  is  illustrated  the  use  of  a  high-resistance  substance 
such  as  carbon  or  a  silicon  clay  composition,  etc.,  as  high  induc- 
tive capacity  material  immersed  in  a  suitable  electrolyte  to 
represent  the  surrounding  air  or  low  inductive  capacity  material. 

Another  method  is  to  use  an  insulating  diaphram  to  separate 
two  electrolytes  of  different  conductivities  one  inside  and  the 


Fig.  4 


other  outside  of  the  shell.  In  Fig.  4b  a  series  of  wire  rings  are 
used  which  are  connected  together  metallically.  In  Fig.  4c,  the 
same  method  is  shown  except  that  metal  pins  are  substituted  to 
connect  the  outside  with  the  inside  point  for  point.  Still  another 
and  possibly  the  simplest  method  of  carrying  out  the  same 
principle  is  shown  in  Fig.  4d  and  was  suggseted  to  me  by  Mr. 
G.  B.  Shanklin.  It  consists  in  building  up  the  separating  shell 
of  alternate  metallic  and  insulating  washers.  It  will  be  observed 
that  the  methods  employing  the  wire  rings  or  washers  are  only 
applicable  to  problems  having  circular  symmetry. 
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It  is  difficult  in  all  of  these  methods  to  obtain  the  equipoten- 
tial  surfaces  inside  of  the  containing  shell,  although  this  can  be 
accomplished  in  some  instances.  For  example,  in  the  case  of  a 
bushing,  by  placing  the  quarter  section  inverted  at  the  top  of  the 
large  wooden  box  somewhat  as  shown  in  Fig.  5,  the  exploring 
plane  would  then  be  at  the  surface  of  the  electrolyte. 

It  will  be  seen  that  in  this  simple  apparatus  we  have  a  most 
remarkable  calculating  machine  which  is  able  to  obtain  the 
solution  of  Laplace's  equation  and  automatically  calculate  and 
plot  the  results  for  boundary  conditions  which  as  yet  have  not 
been  obtained  by  analytical  methods.  The  accuracy  merely 
depends  upon  the  scale  and  care  with  which  the  experiments  are 
carried  out.  For  example,  in  the  experiments  here  described 
the  potential  of  any  point  on  the 
full  sized  diagram,  3  ft.  by  4  ft. 
(90  cm.  by  120  cm.)  could  be 
determined  inside  of  a  pin  head. 
.  Of  course,  the  diagrams  are  not 
accurate  to  this  extent  due  to 
the  fact  that  the  electrodes  used 
were  large  compared  with  the 
size  of  the  containing  box,  and, 
therefore,  the  edges  of  the 
diagrams  show  large  distortions, 
as  will  be  readily  seen  by  com- 
paring the  experimental  diagram 
Fig.  9  with  the  mathematical  solution  for  the  similar  case 
Fig.  10.  The  first  two  diagrams  are  also  subject  to  slight 
pantograph  errors  arising  from  a  lack  of  rigidity  and  accuracy 
of  the  original  pantograph.  The  later  diagrams  are  more  ac- 
curate as  a  new  pantograph  was  constructed  of  large  thin  walled 
steel  tubing  and  provided  with  ball  bearings  throughout. 

Before  taking  a  diagram  the  inside  of  the  paraffine  treated 
wooden  box  was  painted  over  with  a  mixture  of  beeswax  and 
rosin  to  eliminate  or  reduce  to  a  minimum  any  conductivity  of 
the  wood. 

Completing  the  Diagrams. 
After  obtaining  an  experimental  diagram  giving  the  equipoten- 
tial  surfaces  for  equal  or  unit  differences  of  potential,  in  the 
manner  described  above,  the  diagram  may  be  completed  by 
drawing  in  the  family  of  orthogonal  surfaces  which  divide  the 
field  into  unit  tubes  of  electrostatic  flux.  Besides  being  a  great 
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help  to  the  eye  in  using  the  diagrams  this  process  furnishes  a 
graphical  check  on  the  accuracy  of  the  experimental  work.  If 
it  is  found  possible  to  draw  in  an  orthogonal  family  of  surfaces 
so  that  the  elementary  condensers,  cut  out  between  the  equipoten- 
tial  surfaces  and  tubes  of  electrostatic  flux,  have  the  same  capacity 
throughout  the  field,  we  know  that  our  diagram  is  the  one  and 
only  solution  of  that  particular  electrostatic  problem.  For  it  is 
known  that  there  is  one  and  only  one  solution  of  any  problem 
in  electrostatics.  In  the  second  place,  the  following  two  condi- 
tions must  be  fulfilled  when  the  field  is  mapped  out  in  unit 
tubes  of  electrostatic  flux,  and  in  equipotential  surfaces  for  every 
unit  difference  of  potential. 

I.  — The  tubes  of  flux  must  intersect  the  lines  of  force  every- 
where in  the  field  at  right  angles,  for  if  this  were  not  true  there 
would  be  a  component  of  the  potential  gradient  (or  electric 
intensity)  along  an  equipotential  surface  which  is  impossible  in 
a  static  field. 

II.  — The  unit  cells,  or  elementary  condensers,  which  are  cut 
out  by  the  intersection  of  unit  tubes  of  flux  (or  force)  and  unit 
equipotential  surfaces  must  have  the  same  capacity  everywhere 
in  the  field.  The  correctness  of  this  condition  can  be  seen  by  the 
following  reasoning. 

All  the  elementary  condensers  between  two  adjacent  flux  lines, 
that  is,  cut  out  by,  a  unit  tube  of  flux,  are  in  series  and  if  they 
were  not  of  equal  capacity  they  would  not  divide  the  potential 
difference  equally  between  them.  This  is  contrary  to  the  assump- 
tion that  the  field  is  to  be  divided  up  into  equipotential  surfaces 
for  every  unit  difference  of  potential. 

Again  we  see  that  the  elementary  condensers  between  any  two 
adjacent  equipotential  surfaces  are  in  parallel  and  have  unit 
impressed  electromotive  force  across  them.  Therefore,  if  they 
were  not  of  equal  capacity  they  would  not  divide  the  flux  equally 
between  them  (y*  =  C  e),  which  would  be  contrary  to  the  condi- 
tion that  the  field  is  to  be  divided  into  equal  tubes  of  flux. 

The  process  of  drawing  in  the  lines  of  force  was  briefly  as 
follows:  An  appropriate  height  for  the  unit  cell  was  selected 
near  the  axis  of  symmetry  of  the  diagram,  a  perpendicular 10  was 

10.  A  convenient  method  of  erecting  the  perpendiculars  is  to  employ 
a  small  plane  mirror  held,  for  example  by  a  block  of  wood  at  right  angles 
to  the  drawing  board.  When  the  part  of  the  equipotential  line  which 
is  seen  in  the  mirror  forms  a  continuous  smooth  curve  with  the  part  of 
the  equipotential  line  which  is  viewed  directly,  perpendicularity  exists 
and  a  line  can  be  drawn  using  the  mirror  as  a  straight  edge. 


916 


RICE:  ELECTROSTATIC  PROBLEMS  [Nov.  9 


erected  from  this  point  on  the  equipotential  surface  half  way  to 
the  next  one.  The  perpendicular  was  then  drawn  to  the  next 
equipotential  surface  which  cut  the  first  perpendicular  half  way 
between  the  two  equipotential  surfaces.  The  latter  perpendicular 
was  extended  half  way  to  the  next  equipotential  surface  and  the 
process  continued, — in  this  follow  your  nose  fashion, — until  an 
entire  flux  line  was  completed.  A  smooth  curve  was  then  drawn 
through  the  intersection  of  the  perpendiculars.  After  completing 
a  pair  of  lines  in  this  manner  the  mean  heights  of  the  elementary 
condensers  or  unit  cells  were  calculated  assuming  a  constant 
value  of  capacity.  These  mean  heights  were  then  plotted  on  the 
diagram  and  it  was  inspected  to  see  whether  the  flux  line,  ob- 
tained by  perpendiculars,  was  a  good  mean  curve  through  all 
these  points.  At  the  beginning  of  a  diagram  these  points  were 
generally  high  and  low  in  an  erratic  manner  as  would  be  expected. 
Another  flux  line  was  then  obtained  by  the  method  of  perpen- 
diculars, the  smooth  curve  drawn  through  the  intersection  and 
the  mean  heights  calculated  as  before  and  compared  with  the 
drawn  in  curve.  In  this  manner  the  flux  lines  were  built  up 
one  upon  another.  After  completing  six  or  seven  flux  lines 
it  was  generally  found  that  the  calculated  heights  of  the  cells 
were  showing  a  slight  consistent  deviation  from  the  curve 
as  obtained  by  perpendiculars  in  some  part  of  the  field.  The 
constant  error  was  then  distributed  throughout  all  of  the  flux 
lines  so  as  to  make  the  two  criterions,  namely,  perpendicularity 
and  equal  capacities,  come  into  as  harmonious  agreement  as 
possible.  The  work  of  drawing  in  more  flux  lines  was  then  con- 
tinued and  the  various  processes  repeated  until  the  entire  diagram 
was  completed. 

The  fact  that  it  was  possible  to  satisfactorily  complete  the 
above  process  is  considered  a  good  check  on  the  accuracy  of  the 
experimental  work. 

Determination  of  Capacities  from  the  Diagrams 
After  completing  the  diagrams  by  dividing  up  the  field  into 
elementary  cells,  we  can  calculate  the  capacity  of  any  desired 
part  of  the  field  by  properly  combining  the  elementary  cylin- 
drical condensers  in  series  and  in  parallel.  For  example,  in  the 
diagram,  Fig.  12,  we  may  desire  to  calculate  the  capacity  as- 
suming a  single  dielectric  between  equipotential  surfaces  0  to  36 
and  bounded  by  flux  lines  0  to  54.  Here  we  have  54  of  our 
elementary  condensers  in  parallel  and  36  in  series.    Now  since 


19171  RICE:  ELECTROSTATIC  PROBLEMS 


917 


the  small  cylindrical  condensers  are  all  of  the  same  capacity 
Cu  we  can  write  as  the  total  capacity  of  the  part  of  the  circuit 
under  consideration 

54 
36 


C  -  *£CU 


or, 


n 


where    m  =  number  of  elementary  cells  in  parallel. 
n  =  number  of  elementary  cells  in  series. 
Cu  =  the  capacity  of  the  unit  cell  or  the  capacity  of 
the  elementary  cylindrical  condenser  assumed 
for  the  particular  diagram. 

Cu  will  obviously  depend  upon  the  assumed  inductive  capacity 
and  size  of  the  diagram. 

In  .selecting  the  mean  height  of  the  first  cell  which  determines 
the  capacity  of  the  unit  cells  no  particular  value  was  chosen, 
the  spacing  for  the  flux  lines  being  selected  only  for  convenience 
in  construction.  They  are  not  therefore,  strictly  speaking,  unit 
cells. 

It  is  obviously  necessary  to  assume  some  limit  to  the  extent 
of  the  field  in  making  any  calculation  on  a  field  of  this  type  for, 
if  we  assumed  the  central  rod  with  cap  infinite  in  extent  as  well 
as  an  infinite  plane  with  hole  and  collar,  the  capacity  of  the 
entire  circuit  would  be  infinite. 

A  check  on  the  accuracy  of  the  capacity  as  calculated  from 
any  of  the  diagrams  could  be  obtained  from  a  measurement  of 
the  resistance  of  the  circuit  as  set  up  in  the  large  box  combined 
with  a  determination  of  the  specific  resistance  of  the  electrolyte 
used.  I  am  sorry  that  I  neglected  to  accurately  record  this 
data  when  taking  the  various  diagrams. 

In  the  case  of  the  diagram  of  Fig.  28,  the  following  resistance 
measurements  were  retained. 
A  rtificial  Equipotential  Surfaces 

Voltage  applied,  60-cycle   54.2  volts. 

Current   1.39  amperes. 

Resistance   39.0  ohms. 

Artificial  Equipotential  Surfaces  Removed 

Voltage  applied,  60-cycle   54.2  volts 

Current   1.30  amperes. 

Resistance   41.7  ohms. 
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The  resistivity  of  the  electrolyte  used  (Schenectady  city  water) 
was  determined  from  a  sample  taken  from  the  box  during  the 
experiment  and  was  found  to  be  approximately  3000  ohm-cm.  at 
25  deg.  cent. 

A  comparison  of  the  measured  resistance  of  the  circuit  with 
and  without  artificial  equipotential  surfaces  shows  that  by  their 
introduction  we  have  lowered  the  resistance  of  the  circuit  or,  if 
considering  the  capacity,  we  have  increased  the  capacity  by 
the  addition  of  artificial  equipotential  surfaces. 

It  will  be  readily  seen  that  in  those  cases  where  we  are  merely 
interested  in  determining  the  resistance  to  flow  for  any  of  the 
problems  which  obey  the  Fourier-Ohm  law,  such  as  the  flow  of 
an  ideal  incompressible  fluid,  heat,  or  the  so-called  electrostatic 
and  magnetic  fluxes  and  current,  we  merely  have  to  set  up  the 
desired  electrodes  in  an  electrolyte  of  known  specific  resistance 
and  make  a  determination  of  resistance.  The  model  used  in  the 
tests  need  not  be  the  same  size  as  the  actual  piece  of  apparatus 
which  it  is  desired  to  study  but  may  be  either  a  magnified  or 
reduced  image.  If  the  linear  dimensions  are  all  n  times  as 
large  as  the  original  then  the  conductance  will  be  n  times  larger 
than  it  would  be  for  the  original  model  and  inversely.  A  simple 
and  also  general  method  of  obtaining  the  relation  between  the 
resistance  in  ohms  as  determined  from  the  conduction  experi- 
ments and  the  electrostatic  capacity  of  the  equivalent  electro- 
static problem  is  to  compare  the  two  cases  for  parallel  plane 
electrodes  at  close  spacing  when  neglecting  all  edge  effect. 

The  well  known  expression  for  the  capacity  of  a  parallel  plate 
condenser  expressed  in  practical  units  is 


and  the  resistance  between  the  same  electrodes  is 

R  —  -4-  p  ohms 
A 

where    A  —  area  of  the  dielectric  or  electrolyte,  or  what  is  the 
same  thing,  the  area  of  one  plane. 
d  =  spacing  between  the  planes. 

k  —  specific  inductance  capacity  (permittivity)  of  the 
dielectric. 

p  =  specific  resistance  (resistivity)  of  the  electrolyte  in 
ohms  cm.3 


9  X  1011 


farads 
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A 

If  we  now  substitute  the  value  of  -j-  in  terms  of  R  and  p  in 

a 

the  above  equation  for  the  capacity  we  obtain 

c  =  TFr  9xlo*farads 


as  the  expression  giving  the  capacity  of  our  electrodes  in  terms 
of  the  resistance  measurements11  R  and  p. 

As  an  illustration,  we  may  calculate  the  capacity  of  a  bushing 
built  from  the  diagram  of  Fig.  28  full  size,  assuming  permittivity 
unity.  The  resistance  measurement  of  a  quadrant  of  the  bush- 
ing gave  approximately  40  ohms,  and  therefore,  the  resistance 
for  the  complete  structure  would  be  10  ohms.  Assuming 
p  =  3,000  ohm-cm.,  we  have 


C  =  4Wf    g^fjoE  microfarads 


3000  1      =  0.000027  microfarad 


4?r  X  10    9  X  10* 

Study  of  Electrode  Shapes 
The  following  are  some  of  the  questions  which  presented 
themselves  at  the  outset,  and  which  it  was  hoped  could  be 
answered  by  taking  various  diagrams  of  the  electrostatic  field 
by  the  electrodynamic  method  : 

I.  What  is  the  best  form  of  equipotential  surface  for  the  rod 
or  high-potential  electrode? 

II.  What  is  the  best  form  of  surface  to  select  for  the  cover 
of  the  tank  with  a  hole  in  it  ? 

III.  Is  there  a  proper  best  ratio  of  rod  to  hole  diameter  under 
various  conditions? 

IV.  Are  hats  desirable?  Of  how  great  an  assistance  are 
they  in  screening  the  bushing  from  surrounding  influence?  Are 
they  useful  in  acting  as  a  rain  shed  and  thereby  reducing  the 
field  distortion  under  rain  conditions,  etc.? 

V.  Can  artificial  equipotential  surfaces  be  of  material  assist- 

11.  See  A.  E.  Kennelly,  Electrical  World,  December  29,  1906,  Vol. 
XLVIII,  page  1239,  who  has  used  this  method  for  determining  the  ca- 
pacity of  wireless  antenna. 
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ance  in  bringing  about  a  better  distribution  of  stress  in  the 
solid  or  supporting  dielectric;  and,  at  the  same  time,  what  are 
their  effects  upon  the  distribution  of  stress  in  the  air  and  under 
oil  part  of  the  dielectric?    Are  their  effects  conflicting? 

Application  of  the  Electrostatic-Field  Diagrams  to 
Bushing  Design 
The  problem  of  high-voltage  bushing  design  is  in  reality  a 
problem  involving  two  or  more  dielectrics  of  different  inductive 
capacities.  Therefore,  in  general  the  diagrams  obtained  by 
using  a  single  electrolyte  only  offer  approximate  solutions  of  our 
problem. 

There  are  two  conditions,  however,  in  which  the  introduction 
of  high  inductive  capacity  material  does  not  result  in  a  distor- 
tion of  the  field  by  flux  refraction. 

Case  I.  High  inductive  capacity  material  in  parallel  with  the 
air  dielectric,  that  is,  when  the  supporting  dielectric  conforms 
to  a  line  of  flow.  In  this  case  the  form  and  distribution  of  the 
flux  and  equipotential  surfaces  are  neither  altered  in  form  nor 
distribution — nothing  is  changed  under  these  conditions  when 
considering  perfect  dielectrics. 

Case  II.  High  inductive  capacity  material  in  series  with  the 
air  dielectric,  that  is,  when  the  additional  material  conforms  to  an 
equipotential  surface.  In  this  case  the  form  of  the  equipotential 
and  flux  surfaces  is  not  distorted  by  refraction.  There  is,  however, 
an  increase  in  the  total  amount  of  flux  at  constant  applied 
potential  difference  which  causes  a  change  in  the  distribution 
of  the  stresses.  The  stress  in  the  part  of  the  field  where  the 
high  inductive  capacity  (permittivity)  material  has  been  in- 
serted is  reduced,  and  that  in  the  low  capacity  (permittivity) 
material  increased.  Therefore,  in  this  case  allowance  has  to  be 
made  for  this  effect. 

In  the  above  cases  it  is  not  necessary  to  have  the  surface  of 
discontinuity  rigorously  conform  to  the  flux  or  the  equipotential 
surface  since  a  small  variation  will  not  greatly  disturb  the  field. 
This  can  be  easily  seen  by  making  simple  calculations  by  the 
law  of  flux  refraction,  which  states  that  the  tangent  of  the  angle 
of  incidence  Q\  is  to  the  tangent  of  the  angle  of  refraction  0*  as 
permittivity  of  the  first  medium  k\  is  to  the  permittivity  of  the 
second  k%.12 

12.  For  example  see  Jeans,  "Electricity  and  Magnetism/ '  p.  335; 
Webster,  "Electricity  and  Magnetism,"  p.  327;  Karapetoff,  "The  Electric 
Circuit,"  p.  28  or  163. 
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Thus 


tan  0i 


ki 


tan  0% 

As  an  example  consider  the  case  in  which 
ki  =  1  (air) 
*,  =  3  (oil) 

0i  =  70  deg.  (the  assumed  angle  of  incidence) 


(See  Fig.  6) 


Then, 

tan  02 

tan  02 
0* 


tan  $i 

2.747  X  3  =  8.25 

83  deg.  (the  angle  of  refraction; 


Equi.  ^^-^^ 
Pot. 

f    9  2  "*3#  Equi. 
\  Pot. 

70#=(h\/  / 

! 

Magnified  Section 

Fig.  6 

As  0i  approaches  90  deg.,  that  is  coincidence  with  the  line  of 
force,  02  also  approaches  90  deg.,  and  in  the  limit  we  have  the 
case  of  two  dielectrics  of  different  permittivities  in  parallel. 
Under  these  conditions  the  form  of  the  electrostatic  field  is 
unaltered  by  the  presence  of  the  two  dissimilar  materials,  and 
the  flux  density  in  the  air  is  not  increased  thereby.  If  0i  ap- 
proaches zero  degree  then,  in  the  limit,  we  have  the  case  of  two 
dissimilar  dielectrics  in  series,  and  for  this  case  the  flux  density 
in  the  two  materials  is  the  same,  but  due  to  the  increase  in  total 
amount  of  flux  the  density  in  the  air  is  increased  by  the  presence 
of  the  higher  permittivity  material. 

The  above  considerations  show  that  there  are  two  cases  in 
which  we  can  apply  the  diagrams  obtained  by  using  a  single  elec- 
trolyte to  bushing  design  without  fear  of  large  errors  being  intro- 
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duced  due  to  flux  refraction  between  the  dissimilar  materials 
which  are  in  practise  necessarily  used  for  bushing. 

Uniform-Field  Type  of  Bushing 

Thus  applying  Case  I  we  see  that  it  may  be  possible  to  so  shape 
the  electrode  that  the  strongest  surface  of  discontinuity  between 
the  supporting  or  high  inductive  capacity  material  and  the  air 
conforms  closely  to  a  line  of  flux.  In  that  case  the  introduction 
of  the  solid  material  will  not  alter  the  field  distribution  and  we 
would  thus  obtain  one  of  the  infinite  number  of  theoretically 
correct  designs.  If  this  design  can  be  obtained  without  making 
the  electrodes  of  an  impractical  shape  or  size,  this  particular 
solution  of  the  problem  would  be  all  that  we  require.  For  the 
case  of  ideal  or  perfect  dielectrics,  which  assumes  that  the  sur- 
face of  .discontinuity  between  the  air  and  solid  dielectric  does 
not  introduce  a  weakening  influence,  the  strongest  surface  would 
be  an  equigradient  surface  which  coincides  with  a  line  of  flux.1* 

In  this  type  of  bushing  it  will  be  observed  that  the  surface  of 
discontinuity  receives  the  full  value  of  the  potential  gradient 
and  therefore  any  weakening  influence  due  to  the  surface  of 
discontinuity  between  dissimilar  dielectrics  will  exert  its  maxi- 
mum ill  effect.  In  the  following  a  bushing  built  along  these  lines 
has  been  referred  to  as  the  "High- Air-Efficiency  Bushing."  It 
may  also  be  called  the  '  '  Uniform-Field  Type,"  since  the  support- 
ing dielectric  and  air  are  in  parallel  in  an  essentially  uniform 
field. 

By  the  use  of  artificial  equipotential  surfaces  placed  so  as  to 
bring  about  uniform  gradient  in  the  supporting  dielectric,  this 
type  of  bushing  would,  assuming  perfect  dielectrics,  be  as  small 
as  it  is  possible  to  construct,  that  is,  it  would  use  the  air  and  any 
available  supporting  dielectric  to  their  maximum  efficiencies. 

Radial  Field  Type  of  Bushing 
If  we  apply  Case  II  to  bushing  design  we  would  obtain  a  con- 
dition in  which  the  potential  gradient  is  zero  along  the  surface 
of  discontinuity  between  the  air  and  supporting  dielectric,  and, 
therefore,  has  its  full  value  normal  to  the  surface.  A  bushing  of 
this  type  would  not  be  affected  by  surface  conditions.    It  is 

13.  It  may  be  of  interest  to  compare  this  suggested  criterion  which 
assumes  ideal  dielectrics  with  that  suggested  by  C.  L.  Fortescue  and  S. 
W.  Farnsworth,  and  J.  M.  Weed's  discussion,  A.  I.  E.  E.,  Trans.,  1913, 
Vol.  XXXII,  Part  I,  p.  893,  "Air  as  an  Insulator  when  in  the  Presence  of 
Insulating  Bodies  of  Higher  Specific  Inductive  Capacity." 
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obviously  impossible  to  have  the  supporting  dielectric  connecting 
the  grounded  and  high-potential  electrodes  actually  coincide  with 
an  equipotential  surface  since  the  two  electrodes  must  be  at 
different  potentials,  nevertheless  the  condition  can  be  approxi- 
mately obtained  in  practise.  This  type  of  bushing  has  been 
referred  to  as  the  radial-field  type.   In  this  case  the  supporting 


Transformer 
One  Side  Grounded 


'////////////////  '/Z/J/Sjl 
Fig.  7 


and  air  dielectrics  are  essentially  in  series  in  a  radial  field.  If  the 
surface  effect  is  very  great,  that  is,  if  the  component  of  the  poten- 
tial gradient  along  the  surface  has  to  be  very  small,  this  type  of 
bushing  when  provided  with  artificial  equipotential  surfaces 
to  obtain  uniform  stress  in  the  supporting  dielectric  would 
result  in  as  small  a  bushing  as  it  is  possible  to  construct. 
In  this  case  the  potential  gradient  would  be  approximately 
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normal  to  the  surface  and  is,  of  course,  only  limited  by  the 
strength  of  air. 

Under-Oil  End.  In  the  above  discussion  we  have  considered 
the  top  part  of  the  bushing  where  two  greatly  dissimilar  dielec- 
trics must  generally  be  employed.  The  under-oil  end  of  the 
bushing  can,  as  a  fair  approximation,  be  treated  as  a  single 
dielectric  problem  since  the  dielectrics  usually  employed  do  not 
differ  very  greatly  in  inductive  capacities. 

The  under-oil  end  requires  careful  study  due  to  the  proximity 
of  disturbing  influences  such  as  the  core  and  windings  of  the 
transformer.  It  may  be  found  desirable  to  use  a  rather  large  cap 
on  the  under-oil  end  to  shield  the  bushing  from  these  disturbing 
influences. 


S  4 
\  4 
>  * 
S  4 
\  4 

Oil  Lcvtl 

p 

Fig.  8 


This  part  of  the  problem  will  have  to  be  carefully  considered 
in  conjunction  with  the  whole  design  of  the  transformer  or  switch, 
etc.  Fig.  7  is  an  illustrative  suggestion  of  transformer  design 
which  would  assist  in  an  efficient  under-oi!-bushing  design. 
Fig.  8  shows  a  switch  design  in  which  a  large  cap  is  used  to  reduce 
the  tendency  for  an  arc  to  re-strike,  and,  at  the  same  time,  pro- 
vides a  sort  of  deflector  which  throws  the  gas  bubbles,  etc.,  away 
from  the  surface  of  the  dielectric.  This  could  be  given  a  sort 
of  curved  or  bucket  shape  so  as  to  produce  eddies  which  might 
reduce  the  height  of  oil  necessary  over  the  contacts,  etc. 

Explanation  of  Diagrams 
The  diagrams  are  drawn  for  equal  tubes  of  electrostatic  flux 
or  force  and  equal  differences  of  potential  between  equipotentials. 
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That  is,  they  are  plane  sections  through  the  solid  figure  of  revolu- 
tion. Thus,  if  we  imagine  this  plane  section  rotated  about  the 
axis  of  symmetry,  the  lines  in  the  diagrams  will  cut  out  the 
correct  surfaces — the  equipotential  lines  and  flux  lines  will 
generate  equal  tubes  of  flux  and  equipotential  surfaces  for  equal 
differences  of  potential.  The  elementary  cells,  or  elementary 
cylindrical  condensers,  thus  cut  out  will  have  the  same  capacity 
throughout  the  field. 


13  14         15      16      17    18  19  20  2122  2324 


Fig.  9 


In  the  case  of  diagrams,  Figs.  27  and  28  dealing  with  the  use  of 
artificial  equipotential  surfaces  the  tubes  of  flux  were  not  drawn 
in  since  they  would  be  discontinuous  at  the  metal  surfaces.  For 
this  reason  it  was  thought  that  they  would  confuse  rather  than 
add  to  the  diagrams. 

Discussion  of  Diagrams 
Fig.  9.  (Mathematical  Solution  Fig,  10).  It  will  be  readily  seen 
that  if  we  assume  our  transformer  or  switch  tank  sufficiently 
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large,  we  can  consider  the  top  of  the  tank  as  an  infinite  plane 
with  a  circular  hole  in  the  middle.  As  our  desired  means  of 
metallic  connection  the  simplest  would  be  merely  a  wire  passing 
perpendicularly  through  the  hole  in  the  tank  connecting  the 
inside  with  the  outside.  As  these  electrodes  constitute  the 
simplest  imaginable  form  from  which  to  design  a  bushing  their 
electrostatic  field  was  the  first  studied. 


This  diagram  shows  the  characteristics  of  what  has  for  con- 
venience been  termed  the  radial-field  type. 

In  designing  a  bushing  from  this  diagram  we  would  probably 
select  equipotential  surface  1  or  2  to  represent  the  cover  of  the 
tank  with  hole  and  rounded  edge  which  makes  the  stress  on  the 
supporting  dielectric  about  three  times  as  high  as  allowable  for 
the  air  part  of  the  dielectric.  In  order  to  stress  the  supporting 
dielectric  near  the  rod  to  approximately  the  same  value  as  that 
at  the  edge  of  the  hole  we  would  select  as  our  rod  an  equipotential 
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surface  somewhere  between  No.  25  and  No.  30.  Under  these 
conditions  the  ratio  of  rod  diameter  to  hole  diameter  would  be 
about  5  to  1.  There  are,  however,  many  factors  (such  as  the 
relative  strengths  of  the  dielectrics  employed  and  whether  the 
strength  is  equal  in  all  directions,  etc.)  which  will  influence  the 
above  ratio  and  it  should,  therefore,  not  be  considered  as  a  fixed 
quantity. 

The  edge  of  the  hole  in  the  tank  must  clearly  be  embedded  in 
the  supporting,  stronger  than  air,  dielectric  to  eliminate  over 
stressed  air  near  the  edge.  That  is,  the  value  of  a  ground  shield 
is  clearly  shown.  This  type  of  bushing  will  necessarily  be  quite 
high  in  order  not  to  over  stress  the  air  at  the  top. 

A  study  of  this  diagram  suggested  that  a  mathematical  solu- 
tion of  this  case  should  be  quite  easily  obtained,  due  to  the 
apparent  simplicity  of  the  equipotential  surfaces  and  their 
mutual  resemblance.  Some  of  the  lines  of  force  were  drawn  in 
and  were  seen  to  conform  fairly  closely  to  confocal  ellipses, 
having  the  edge  of  the  plane  as  focus  (see  Fig.  9).  This  sug- 
gested that  if  there  were  no  disturbing  influences,  that  is,  if  the 
rod  were  very  small  in  diameter  and  infinitely  long  and  the 
plane  also  infinite  in  extent,  the  solution  of  the  problem  would 
consist  in  a  confocal  system  of  hyperboloids  of  one  sheet  as  the 
equipotential  surfaces,  and  confocal  oblate  spheroids  as  the 
surfaces  of  force.  A  plane  section  through  the  axis  of  symmetry 
of  this  figure  is  then  a  family  of  confocal  hyperbolas  and  ellipses. 
The  minor  axis  of  the  ellipses  is  the  axis  of  symmetry  or  the 
axis  about  which  the  plane  figure  is  rotated  in  order  to  cut  out 
the  solid  figure. 

In  order  to  test  this  assumed  solution  of  the  problem,  a  dia- 
gram was  constructed  as  follows: 

Two  large  confocal  ellipses  were  constructed  having  the  minor 
axis  along  the  rod  and  the  radius  of  the  hole  in  the  plane  as 
semi-major  axis.  The  space  between  these  two  ellipses  was 
then  divided  up  into  cells  (see  Fig.  11)  which  obeyed  the  required 
geometrical  law: 

^  =  C  (a  constant) 

where     r  =  the  mean  radius  of  the  cell 

h  =  distance  between  the  two  confocal  ellipses 
d  =  the  other  dimension  of  the  small  rectangular  cell 
(or  the  distance  between  the  concentric  cylin- 
ders). 


928 


RICE:  ELECTROSTATIC  PROBLEMS  [Nov.  9 


By  cut  and  try,  the  space  between  the  two  ellipses  was  di- 
vided up  into  small  cells  of  constant  C.  This  value.  CT  is 
proportional  to  the  capacity  of  the  small  concentric  cylinder 
condensers  which  would  be  cut  out  by  rotation  around  the 
minor  axis.  The  family  of  hyperbolas  which  has  the  same  focus 
as  the  ellipses  was  then  drawn  through  the  cells.  The  figure 
was  then  completed  by  drawing  in  the  complete  family  of  con- 


Fig.  11 


focal  ellipses  which  divided  the  whole  fieldjnto  cells  having  the 
same  capacity  or  constant  C.  The  fact  that  it  was  possible  to 
complete  this  construction  is  a  graphical  proof  of  the  correctness 
of  the  assumed  solution;  namely,  that  confocal  hyperboloids  of 
one  sheet  are  the  equipotential  surfaces,  and  confocal  oblate 
spheroids  the  boundary  surfaces  of  the  tubes  of  flux. 

After  obtaining  the  solution  of  the  problem  by  this  method. 
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I  found  that  it  was  well  known;  for  example  Maxwell14  discusses 
the  mathematical  solution  of  this  and  similar  problems.  Other 
treatments  will  also  be  found  in  many  books.15 

Notwithstanding  the  numerous  treatments  of  the  subject  it 
was  not  until  a  lengthy  study  of  these  sources,  besides  cor- 
respondence and  later  the  great  privilege  of  an  interview  with 
Professor  W.  E.  Byerly,  that  I  was  able  to  obtain  what  appeared 
to  me  to  be  a  clear  and  useful  solution  of  the  problem. 

I  believe  that  there  are  other  engineers  who  find  it  difficult 
to  readily  understand,  and  therefore  use,  to  the  best  advantage, 
the  results  of  the  great  deal  of  extremely  valuable  mathematical 
work  which  is  available  in  the  various  treatises.  It  seems  to  me 
a  great  pity  that  the  mathematicians  do  not  more  frequently 
reduce  their  results  to  a  readily  utilizable  form,  and  wherever 
possible  sketch  out,  with  examples,  some  of  the  applications  which 
must  occur  to  them  while  working  on  the  subject.  In  spite  of 
the  drudgery  which  necessarily  accompanies  any  numerical  cal- 
culations, I  believe  that  a  writer  would  be  amply  repaid  for  his 
trouble  by  the  greatly  increased  number  of  people  who  would 
study  and  be  able  to  use  his  results. 

Another  difficulty,  which  I  have  frequently  encountered,  is 
the  fact  that  the  writer  assumes  too  great  a  familiarity  with 
existing  mathematical  works  on  the  part  of  his  readers. 
No  one  is  better  able  to  supply  page  references  to 
what  he  considers  a  good  and  clear  treatment  of  his  state- 
ments "  it  has  been  proved I  also  believe  that  no 
work  would  suffer  from  the  inclusion  of  an  appendix  of 
"it  can  be  easily  shown"  and  in  some  cases  the  ' 'henries' \  All 
of  these  additions  could  be  skipped  by  the  fluent  mathematical 
readers  but  would  be  available  as  wonderful  time  savers  and 
often  life  savers  to  the  ordinary  engineer.  For  these  reasons  I 
have  included  an  unexpurgated  edition  of  two  electrostatic 
problems  in  the  appendix  to  this  paper. 

Problem  I.  The  distribution  of  the  electrostatic  field  when 
any  two  confocal  hyperboloids  of  revolution  of  one  sheet,  and 
of  the  same  family,  are  maintained  at  given  potentials. 

14.  See  Maxwell,  Electricity  and  Magnetism,  Vol.  I,  p.  235  and  fol- 
lowing. 

15.  See  Byerly,  Fourier  Series  and  Spherical  Harmonics,  p.  238-247. 
J.  H.  Jeans,  Electricity  and  Magnetism,  p.  238-244;  A.  G.  Webster, 
Electricity  and  Magnetism,  p.  203-242,  273,  etc.;  I.  Todhunter,  The 
Functions  of  Laplace,  Lame"  and  Bessel,  Chapter  XXI  p.  211. 
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This  problem  is  useful  as  an  approximation  in  studying  high- 
voltage  bushing  design ;  it  also  gives  us  an  interesting  variety  of 
possible  electrode  shapes  for  use  in  testing  insulating  materials, 
where  it  is  desirable  to  be  able  to  calculate  the  gradients.  When 
testing  a  dielectric  of  given  inductive  capacity  immersed  in  a 
dielectric  having  a  different  inductive  capacity  (i.e.,  hard  rubber 


16         17        18     19   20    21  22  23  24  25  262728  30  35 


Fig.  12 

in  air  or  oil)  the  edge  effect  can  be  eliminated  by  shaping  the 
test  piece  so  as  to  follow  a  line  of  force  or  flux. 

Problem  II.  The  distribution  of  the  electrostatic  field  when 
any  two  confocal  hyperboloids  of  revolution  of  two  sheets  and 
of  the  same  family  are  maintained  at  given  potentials.  This 
problem  is  of  interest  as  an  approximation  to  a  group  of  problems 
which  are  of  frequent  occurrence  in  engineering.  For  example, 
it  may  be  applied  to  switch  electrodes  at  various  spacings;  also, 
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as  an  approximation  in  vacuum  tube  designs,  such  as  X-ray 
tubes,  kenotrons,  etc.  That  is,  it  is  an  approximation  to  the 
problems  of  two  elongated  electrodes  at  various  spacings,  (i.e., 
two  needles  or  a  needle  and  a  plane)  etc. 

Fig.  12.  This  diagram16  shows  a  form  of  field  intermediate 
between  the  radial  and  uniform-field  types.  The  effect  produced 
by  adding  a  collar  to  the  edge  of  the  hole  in  the  plane  is  shown. 
The  addition  of  a  collar  or  extended  ground  shield  is  generally 
used  on  the  air  end  to  shield  the  bolts  necessary  in  clamping 
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 76  CM. 

Fig.  13 


the  bushing  to  the  tank.  It  may  also  be  used  to  shield 
switch  mechanism,  etc.  A  ground  shield  extending  below  the 
surface  of  the  oil  on  the  under-oil  end  is  usually  necessary  in  order 
to  remove  the  stress  on  the  air  above  the  oil. 

In  designing  a  bushing  from  this  diagram,  we  would  probably 
select  equipotential  surface  No.  2  or  No.  3  as  cover  of  the  tank 
with  hole  and  collar  or  ground  shield  and  an  equipotential  surface 

16.  Dr.  C.  P.  Steinmetz  has  published  this  diagram  in  the  fourth 
edition  of  his  Electrical  Engineering,  page  11 6,' which  has  recently  appeared. 
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resembling  No.  20  as  high  potential  electrode.  In  practise  we 
would  probably  not  build  the  electrode  of  the  shape  of  surface 
No.  20,  but  would  make  up  the  electrode  of  a  straight  rod  and 
cap  which  would  be  roughly  equivalent  to  surface  No.  20.  The 
addition  of  the  cap  and  collar  does  not  greatly  alter  the  con- 
clusions regarding  the  ratio  of  rod  to  hole  diameters  as  outlined 
above  when  discussing  this  point  for  the  simplest  case,  that  of  a 
rod  passing  through  a  hole  in  a  plane.  That  is,  the  edge  effect  of 
the  collar  or  cylinder  is  about  the  same  as  that  for  the  edge  of  a 
plane.  . 


20      21     22     23  24  25   26  27  28  29  303132  33  34  35  40  45 


Figs.  13,  Hand  15.  These  .diagrams  are  essentially  of  the 
uniform-field  type.  A  study  of  diagrams,  Figs.  9  and  12,  indi- 
cated, that  by  increasing  the  size  of  the  cap  and  bringing  it  closer 
to  the  case,  the  efficiency  of  the  use  of  the  air  part  of  the  dielectric 
could  be  increased.  That  is,  it  appeared  practical  to  shape  the 
electrodes  of  the  bushing  in  such  a  way  that  the  distribution  of 
the  electrostatic  field  would  approach  the  condition  in  which  the 
strongest  surface  assuming  ideal  dielectric  (constant  gradient  or 
flux  density)  coincides  with  a  line  of  force  in  the  part  of  the  field 
where  it  is  desired  to  introduce  the  dielectric  of  higher  specific 
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inductive  capacity  than  the  rest,  which  may  be  air  or  oil.  As 
previously  stated  the  resulting  bushing  would  use  the  air  at  its 
maximum  efficiency  and  hence  the  resulting  bushing  would  be  as 
efficient,  with  respect  to  the  air  path,  as  any  of  the  infinite  other 
solutions  which  could  be  obtained  by  using  flux  refraction  com- 
bined with  various  electrode  configurations. 

In  order  to  experimentally  test  out  this  conclusion,  Figs.  13, 
14  and  15  were  taken.    Skeleton  electrodes  were  used,  as 


22        23      *4      25     26    27    28  29  30  31  32    34  36  3840  V-SO 


 mcM.    ^ 


Fig.  15 

in  the  previous  experimental  work,  in  order  to  simplify 
matters.  For  instance,  one  electrode  may  consist  in  a  thin  piece 
of  sheet  iron,  or  tin,  with  a  hole  in  it;  the  other  electrodca  small 
wire  with  an  attached  metal  disk.  The  proper  actual  shape  of  the 
rod  with  cap  and  the  tank  will  then  be  selected  from  the  equipo- 
tential  surfaces  which  are  obtained  by  the  experiment. 

For  the  new  diagrams  the  size  of  the  cap  was  increased  so  as 
to  have  a  diameter  of  about  1^  times  that  of  the  hole  in  the 
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plane,  and  was  placed  at  about  one  diameter  from  the  plane. 
The  short  cylinder  was  added  to  the  sheet-iron  disk  for  Fig.  14, 
to  form  a  skeleton  electrode  which  would  flatten  out  the 
equipotential  surfaces  near  the  edge  of  the  disk,  and  also  to  bring 
the  lines  of  force  into  a  more  nearly  cylindrical  form.  Briefly, 
to  give  the  effect  of  a  cap  having  a  greater  radius  of  curvature 
at  its  edge. 

In  applying  these  diagrams  to  bushing  design  we  would  prob- 
ably select  the  equipotential  surface  2  as  the  top  of  the  tank,  and 
an  equipotential  surface  between  28  to  32  as  our  rod  with  cap* 
This  selection  gives  approximately  equal  gradient  at  the  edge  of 
the  hole  in  the  tank'and  at  the  rod.  Also,  the  maximum  gradient 
on  the  cap  is  not  too  different  from  that  near  the  tank.  The 
supporting  insulation,  stronger  than  air  and  of  higher  specific 
inductive  capacity,  would  probably  be  put  in  somewhere  between 
flux  lines  number  4  to  7. 

It  is  apparent  from  the  diagram  that  this  bushing  would  have 
its  maximum  air  stress  near  the  edge  of  the  cap,  and  therefore, 
would  probably  arc-over  clear  of  the  solid  insulation,  unless  the 
surface  introduces  appreciable  weakening  influences.  This 
matter  will  have  to  be  settled  by  experiment  and  then  given 
consideration  according  to  its  magnitude.  Assuming  a  surface 
which  does  not  appreciably  affect  the  arc-over  of  the  bushing, 
we  obtain  from  the  full  size  diagram,  Fig.  14,  the  following  result. 
Selecting  equipotential  surface  No.  30  as  our  rod  with  cap,  we  see 
that  the  maximum  potential  gradient  in  the  air  occurs  near  the 
edge  of  the  cap.  We  must,  therefore,  select  this  gradient  to  be 
that  at  which  air  breaks  down  or  approximately  21  kv.  effective 
per  cm.  The  distance  between  equipotential  surfaces  30  and  29 
is  about  0.6  cm.  (on  the  full  size  diagram). 


Hence 


29 


e 


30 


0.6 


21  kv.  effective  per  cm.  (assumed  strength 
of  air.) 


29 


e 


80 


12.6  kv.  effective,  the  potential  at  which 
breakdown  will  occur  between  these  two 
surfaces. 
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Between  the  cap  and  the  tank  (equipotential  surface  No.  2) 
there  are  28  equipotential  surfaces  drawn  for  equal  differences  of 
potential.  Therefore,  the  arc-over  voltage  of  this  terminal 
would  be  obtained  by  multiplying  the  number  of  equipotential 
surfaces  between  that  selected  as  the  rod  with  cap  and  the  tank, 
by  the  voltage  which  would  cause  breakdown  if  applied  between 
the  two  consecutive  surfaces  in  the  densest  part  of  the  air  field. 
In  this  case  the  number  of  surfaces  is  28,  and  the  voltage  at  which 
breakdown  first  occurs  between  two  surfaces  is  12.6  kv.  effec- 
tive. 

Hence 

28  X  12.6  =  350  kv.  effective  arc-over  voltage. 

The  operating  voltage,  assuming  a  safety  factor  of  3,  would  be 
116  kv.  effective.  This  calculation  assumes  that  as  soon  as  the 
gradient  at  the  edge  of  the  cap  reaches  the  breakdown  value, 
arc-over  will  occur  (unstable  condition). 

With  regards  to  the  stresses  on  the  solid  or  liquid  dielectric 
which  is  used  in  this  design,  it  may  be  of  interest  to  observe  that 
the  maximum  gradient,  which  occurs  along  the  path  between 
rod  and  edge  of  tank,  is  approximately  63  kv.  effective  per  cm. 
or  three  times  that  at  which  air  breaks  down. 

The  efficiency  with  which  this  bushing  uses  the  air  part  of  the 
dielectric  may  be  estimated  as  follows: 

Assuming  arc-over  to  occur  from  the  point  of  maximum  stress 
on  the  cap,  that  is,  near  the  outer  edge,  to  the  tank  a  distance  of 
approximately  30  cm.,  we  see  that  this  air  path  under  uniform 
gradient,  should  arc-over  at 

30  X  21  =  630  kv.  effective. 

Hence,  taking  the  efficiency  to  be  the  ratio  of  the  arc-over  volt- 
age as  estimated  above  from  the  diagram,  to  this  uniform 
gradient  condition,  we  have 

.  350  kv. 

Efficiency  =  ^  ^  =  55  per  cent. 

Fig.  15,  shows  the  effect  of  the  addition  of  a  collar  or  cylin- 
drical ground  shield  to  a  bushing  of  this  type.  The  con- 
clusions are  similar  to  those  which  may  be  drawn  from  the 
previous  diagrams. 
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Tests  on  Experimental  High-Air-Efficiency  Bushing 
An  experimental  bushing  was  constructed  from  a  photographic 
reduction  of  Fig.  14,  as  outlined  in  Fig.  16.  Two  supporting 
dielectrics  were  tried.  In  the  first  case  a  smooth  porce- 
lain piece  conforming  as  closely  as  possible  to  the  flux  line  No.  7 
was  used.  In  the  second  case  the  porcelain  surface  was  corru- 
gated as  shown  in  the  figure  between  flux  lines  No.  4  and  No.  7. 


Fig.  16 


The  electrodes  and  porcelain  pieces  were  cemented  together  with 
a  sort  of  sealing  wax  compound,  considerable  effort  being  made 
to  make  good  joints  at  the  electrodes.  Equipotential  surface 
No.  30  was  chosen  as  the  central  electrode  shape  but  was  modi- 
fied at  the  top  as  shown  in  the  figure  as  it  was  not  thought  im- 
portant to  conform  to  the  diagram  at  the  top  part  of  the  electrode 
where  the  stress  on  the  air  is  very  low.    Equipotential  surface 
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No.  2  was  selected  as  the  ground  plane  and  extended  43  cm.  from 
the  axis.  The  upper  and  lower  parts  of  the  bushing  were  made 
as  nearly  alike  as  possible;  Fig.  17  and  18  show  the  general 
appearance  and  construction  of  the  bushings. 

The  principal  electrical  characteristics,  as  obtained  from  the 
experimental  diagram,  Fig.  14,  are  as  follows:  The  maximum 
gradient  on  the  air  part  of  the  dielectric  occurs  on  the  cap  of  the 
central  electrodes  and  well  away  from  the  surface  of  the  support- 
ing dielectric.  The  gradient  at  this  point  reaches  21  kv.  effective 
per  cm.  (or  the  assumed  breakdown  strength  of  air)  at  about  117 
kv.  effective.  The  gradient  along  flux  line  No.  7  (7.3  cm.  long) 
is  practically  uniform  and  will  reach  21  kv.  effective  per  cm.  at 
about  153  kv.  The  gradient  at  the  edge  of  the  ground  electrode 
and  the  central  rod  are  approximately  equal  and  are  about  three 
times  the  maximum  gradient  on  the  air. 

The  arc-over  voltages  of  the  corrugated  and  smooth  bushings 
may  be  estimated  as  follows: 

(J)    Smooth  Surface 

If  we  assume  that  the  surface  and  joints  of  the  porcelain  do  not 
introduce  disturbing  influences,  arc-over  should  occur  clear  of 
the  surface  at  117  kv.  effective.  For  this  potential  difference  the 
gradient  along  the  surface  of  the  porcelain  would  be  16  kv. 
effective  per  cm. 

(2)    Corrugated  Surface. 

If  we  neglect  refraction  effects  and  make  the  very  rough 
assumption  that  the  corrugations  introduce  half  air  and  half 
porcelain  in  series  in  a  uniform  field  we  would  have  for  the  arc- 
over  voltage 


e  =  G\ 


arc-over  voltage 


Where 


d  =  21 


kv.  per  cm. 


Xi  =  x2 


7\3 
2 


cm. 


k  =  5  porcelain 


Hence, 


e  =  2l  (3.65  +  3-^) 


e  =  92  kv.  effective. 
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and  arc-over  would  occur  by  unstable  corona  formation  in  the 
corrugations  at  92  kv.  effective. 

At  this  voltage  the  average  potential  gradient  along  the  arc- 

92 

over  path  would  be  j-^  —  12.6  kv.  effective  per  cm. 

Summary  of  Tests 
Sixty-Cycle  Arc-aver  Voltage,   (average  of  ten  readings) 
Surfaces  cleaned  with  absolute  alcohol  and  wiped  dry 

I  Smooth  Surface  80  kv.  =b  10  kv. 

Average  gradient  11  kv.  per  cm. 

II  Corrugated  Surface  72  kv.  =b  10  kv. 

Average  gradient  9.9  kv.  per  cm. 

Surfaces  cleaned  as  above  and  then  covered  with  an  oil  film. 

I  Smooth  Surface  75  kv.  =b  10  kv. 

Average  gradient  10.3  kv.  per  cm. 

II  Corrugated  Surface  82  kv.  =b  5  kv. 

Average  gradient  11.2  kv.  per  cm. 

The  arc-over  voltages  after  visible  carbonization  points  have 
been  formed  at  the  sealing  wax  joints  and  on  the  porcelain  is 
given  below.  This  condition  is  reached  after  about  15  arc-overs, 
when  dry  clean  surfaces  are  used  and  in  5  to  10  arc-overs  when 
the  surface  is  oiled.  Handling  the  surface  results  in  about  the 
same  arc-over  voltages. 

I      Smooth  Surface  50  kv.  =b  2  kv. 

Average  gradient  6.85  kv.  per  cm. 

II.    Corrugated  Surface   5  kv.  ±  2  kv. 

Average  gradient  7.25  kv.  per  cm. 

Surface  of  electrodes  and  porcelain  covered  with  city  water, 
that  is,  the  surfaces  were  sprayed  after  all  the  oil  had  been 
removed. 

I  Smooth  Surface  23  kv.  =b  3  kv. 

Average  gradient   3.15  kv.  per  cm. 

II  Corrugated  Surface  27  kv.  ±  3  kv. 

Average  gradient   3.7  kv.  per  cm. 

Surface  oiled  and  a  needle  point  %  in.  long  placed  upright  at 
the  corrugated  surface  on  the  ground  plate. 

First  arc-over  50  kv. 

Average  gradient   6.85  kv.  per  cm. 
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After  about  three  arc-overs  a  carbonized  point  could  be  seen 
to  form  at  the  arcing  point  on  the  upper  electrode  above  the 
needle,  also  considerable  carbonization  took  place  around  the 
needle. 

Under  these  conditions  the  arc-over 

was  35  kv. 

An  average  gradient  of   4.8  kv.  per  cm. 

60  Cycle  Under-Oil  Tests.  After  the  above  mentioned  tests 
were  completed  the  bushing  was  immersed  in  oil  (40  kv.  oil  as 
measured  by  standard  gap  of  0.2  in.  (0.5  cm.)  between  0.5  in. 
(1.27  cm.)  terminals)  in  order  to  determine  the  under-oil  charac- 
teristics. 

In  both  cases  arc-over  took  place  over  the  porcelain  surfaces 
and  in  the  corrugated  bushing  followed  in  and  out  of  the  corruga- 
tions. The  results  were 

I  Smooth  Surface  122  kv. 

Average  gradient   16.7  kv.  per  cm. 

II  Corrugated  Surface  144  kv. 

Average  gradient   19.7  kv.  per  cm. 

Impulse  Arc-over  Tests.  Impulse  tests  were  made  using  F.  W. 
Peek's  impulse  generator.17  Impulses  having  various  frequencies 
and  wave  shapes  were  used  but  as  the  results  were  in  good  agree- 
ment in  all  cases  only  a  typical  set  of  readings  will  be  given. 
The  calculated  frequency  of  the  impulse  wave  is  given  as  500 
kilocycles  with  a  maximum  voltage  corresponding  to  188  kv. 
effective. 

The  arc-over  voltages  as  measured  by  12.5-cm.  spheres  placed 
in  parallel  with  the  bushing  were" as  follows: 

1111.5  spheres  only 
117.    half  and  half 
121 .    bushing  only 
Average  gradient   16.    kv.  per  cm. 

1104.    spheres  only 
111.    half  and  half 
117.    bushing  only 
Average  gradient   15.2  kv.  per  cm. 

The  results  were  practically  identical  with  clean  dry  or  oiled 
surfaces. 

17.  "The  Effect  of  Transient  Voltages  on  Dielectrics.'1  A.  I.  E.  E., 
Trans.,  1915,  Vol.  XXXIV,  Part  II,  p.  1857. 
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Observations  and  Discussion 

In  all  of  the  tests  on  the  smooth  bushing  the  arc-over  appeared 
to  follow  close  to  the  surface.  In  the  corrugated  case  arc-over 
appeared  to  take  place  along  flux  line  No.  7,  that  is,  did  not 
follow  in  and  out  of  the  corrugations.  (The  only  exception  was 
in  the  case  mentioned  of  the  under-oil  arc-over  of  the  corrugated 
bushing  where  the  path  followed  the  corrugations  in  and  out). 

The  previous  calculations  indicated  that  the  smooth  porcelain 
bushing  should  arc-over  clear  of  the  surface  at  about  117  kv. 
whereas  in  test  it  arced-over  along  the  surface  at  about  80  kv. 
db  10  kv.  (oily  and  dry  surfaces  do  not  seem  to  be  greatly  dif- 
ferent) or  say  approximately  70  per  cent  of  the  calculated  arc- 
over  voltage.  However,  this  comparison  is  not  a  truly  correct 
one  since  the  arc-over  occurred  at  the  surface  and  not  at  the 
point  of  maximum  gradient.  A  better  comparison  of  calculated 
and  observed  arc-overs  is  obtained  by  comparing  the  calculated 
surface  arc-over  with  the  actual  surface  arc-over. 

Sixty-Cycle  Tests.  (A)  Averaging  the  clean  and  oily  surfaces 
we  have 

calc.  surface  arc-over  153  _  ^  q 


measured  surface  arc-over 77 
(B)    Carbonization  points  formed  after  a  number  of  arc-overs 

calc.  surface  arc-over  _  153  =  3  ^ 


measured  surface  arc-over 50 

153 

(C)    Surfaces  and  electrodes  sprayed  with  water .  .  =        =  6.6 

153 

Impulse  Tests.   (D)  Clean  or  oily  surfaces  =  ^pf  =13 

Many  explanations  may  be  advanced  for  the  above  results; 
at  first  I  was  inclined  to  account  for  them  in  the  following  man- 
ner. 

Case  A.  Here  breakdown  occurred  over  the  surface  of  the 
bushing  at  approximately  one-half  the  calculated  voltage.  To 
account  for  this  we  might  assume  that  a  conducting  corona  ring 
forms  prematurely  due  to  an  imperfect  joint  between  the  porce- 
lain and  electrodes,  since  at  the  joint  a  high  stress  might  exist  on 
the  air  due  to  the  high  inductive  capacity  material  being  in  series 
with  the  air  at  this  point.  If  such  a  conducting  corona  ring  was 
formed  the  maximum  stress  upon  it  would  be  approximately 
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twice  that  existing  in  the  uniform  part  of  the  field.  For  if  we 
insert  a  cylindrical  conductor  in  a  uniform  field  the  maximum 
gradient  on  the  cylinder  will  be  twice  the  gradient  of  the  uniform 
field  in  which  it  is  placed  or  if  we  have  two  infinite  plane  elec- 
trodes having  hemicylindrical  bosses  upon  them,  then  for  spac- 
ings  between  the  planes  such  that  the  field  between  is  essentially 
uniform  in  the  middle  the  gradient  in  the  vicinity  of  the  cylin- 
drical bosses  will  be  a  maximum  on  the  crest  of  the  boss  and  will 
be  twice  the  gradient  existing  in  the  uniform  part  of  the  field. 

The  solution  of  this  problem  is  obtained  by  the  method  of 
images;  by  superimposing  a  uniform  field  upon  the  field  of  a 
linear  doublet.18  A  complete  diagram  of  the  electrostatic  field 
is  given  by  Maxwell  in  Plate  XV  at  the  end  of  Vol.  II  of  "Elec- 
tricity and  Magnetism." 

If  we  make  the  further  assumption  that  the  corona  ring  is 
unstable  then  we  see  that  arc-over  should  occur  at  approximately 
one-half  the  calculated  arc-over  voltage  assuming  perfect  joints 
and  surfaces,  which  is  about  the  value  observed  from  the  tests. 
It  is  of  course  probable  that  the  gradient  at  the  surface  of  the 
boss  will  have  to  be  somewhat  above  21  kv.  effective  per  cm.  at 
breakdown,  or  what  is  the  same  thing,  the  breakdown  strength  of 
air  (assumed  21  kv.  eff.  per  cm.)  must  be  reached  at  a  finite, 
though  small  distance  from  the  surface  of  the  boss.  This  same 
effect  is  well  known  in  the  case  of  wires  or  concentric  cylinders, 
etc.,  for  example,  it  has  been  discussed  by  F.  W.  Peek,  Jr.19 

Case  B.  Carbonization  points  formed  after  a  number  of  arc- 
overs.  In  this  case  arc-over  took  place  over  the  surface  at  about 
one  third  the  calculated  value.  A  method  of  approximately 
explaining  this  case  may  be  based  upon  the  assumption  that  a 
small  hemispherical  corona  boss  forms  on  the  surface  of  the 
electrodes.  The  solution  of  the  electrostatic  problem  of  two 
infinite  planes  having  hemispherical  bosses  is  obtained  by  super- 
imposing a  uniform  field  upon  the  field  of  a  spherical  doublet. 
The  gradient  is  a  maximum  on  the  crest  of  the  boss  and  is  three 
times  that  in  the  uniform  part  of  the  field.20 

18.  See  "Electricity  and  Magnetism".  A.  G.  Webster,  p.  202,  also 
p.  88.  Notes  on  Electric  Field  Distribution.  Journal  of  the  Franklin 
Institute,  July,  1913.    W.  S.  Franklin,  p.  72-75. 

19.  A.  I.  E.  E.,  Trans.,  1911,  Vol.  XXX,  Part  III,  p.  1889,  "The  Law 
of  Corona  and  the  Dielectric  Strength  of  Air." 

20.  J.  H.  Jeans,  "Electricity  and  Magnetism,"  p.  188-191;  A.  G. 
Webster,  "Electricity  and  Magnetism",  p.  371-373;  Lord  Kelvin  Papers 
on  "Electrostatics  and  Magnetism,"  p.  492;  J.  J.  Thomson,  "Electricity 
and  Magnetism,"  p.  158-160, 
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Diagrams  of  the  lines  of  force  or  flux  will  be  found  in  the 
various  references  given  below  and  a  somewhat  similar  and  in- 
structive case  is  shown  in  Plate  III  at  the  end  of  Vol.  I — Maxwell, 
"Electricity  and  Magnetism." 

Case  C.  Water  particles  on  the  surface.  In  this  case  arc-over 
occurs  at  about  one-half  the  needle-gap  arc-over  at  this  spacing. 
This  low  arc-over  under  these  conditions  may  be  a  sort  of  pro- 
gressive breakdown  between  adjacent  water  particles  or  distor- 
tion of  the  field  by  erratic  conduction,  etc. 

Case  D.  The  impulse  test  shows  an  arc-over  voltage  which  is 
very  close  to  the  calculated  arc-over  assuming  that  it  takes  place 
clear  of  the  surface.  To  the  eye,  however,  the  arc-over  seems  to 
take  place  along  or  very  close  to  the  surface  and  therefore  there 
seems  to  be  some  disturbing  influence  at  work  which  the  above 
explanations  do  not  take  into  account. 

The  previous  calculations  for  the  corrugated  porcelain  bushing 
indicated  that  the  arc-over  should  take  place  along  the  edge  of 
the  corrugations  due  to  unstable  corona  formation  in  the  valleys 
of  the  corrugations.  The  calculation  is  necessarily  only  approxi- 
mate as  the  flux  refraction  produced  at  the  corrugations  is 
neglected. 

A  comparison  of  the  various  cases  may,  however,  be  of  interest. 

Sixty-cycle  Tests. 

Case  A.    Oily  and  clean  surfaces  ratio  of  calculated 

to  test  arc-over  ^  =  1.2 

Case  B.    Carbonization  points  formed  after  a  num-  ^ 

ber  of  arc-overs  ^  =  1 . 74 

92 

Case  C.    Surfaces  sprayed  with  water  27~^'* 


Impulse  Test 

TTl 


92 

Case  D.    Clean  and  Oily  Surface   -t-t-,  =0.83 


Explanations  similar  to  those  offered  for  the  smooth  surface 
might  be  advanced  but  cannot  be  quantitatively  applied  as  the 
field  conditions  are  not  as  definitely  known. 

Under-Oil  Tests  (60  Cycles).  The  under-oil  arc-over  tests  also 
show  a  lower  value  than  would  be  expected  if  we  assume  perfect 
joints  and  ideal  dielectrics. 
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The  strength  of  oil  at  these  large  spacings  (7.3  cm.)  is  about 
33  kv.  effective  per  cm.,  and  therefore  the  surface  arc-over  voltage 
should  be  7.3  X  33  =  240  kv.  effective  for  the  smooth  porcelain 
surface 

calculated  surface  arc-over  _  240  _  2  q 
measured  surface  arc-over  122 


It  will  be  observed  that  the  explanation  above  (corona  ring  or 
joint  effect)  could  be  applied  to  these  tests  and  give  what  would 
appear  to  be  a  satisfactory  explanation  of  the  observed  discrep- 
ancy between  calculated  surface  arc-over  voltage  and  that  ob- 
tained from  the  tests.  The  corrugated  porcelain  surface  could 
be  discussed  qualitatively  in  a  similar  manner. 

Additional  Tests  on  "High-Air-Efficiency  Bushings. 

The  object  of  the  following  tests  was  to  determine  the  dis- 
turbing influence  of  the  walls  and  floor  of  the  room  or  ground 
upon  the  arc-over  voltage  of  this  type  of  bushing.  The  following 
tests  were  made  using  the  corrugated  supporting  dielectric  as  it 
was  still  assembled  with  the  electrodes.  The  previous  under-oil 
tests  had  damaged  the  porcelain  surface  on  one  side,  and  there- 
fore, necessitated  submerging  the  injured  end  under  oil.  For 
this  purpose,  a  wooden  oil  tank  was  used,  the  tests  being  made 
on  the  uninjured  end.  The  surface  of  the  porcelain  was  oiled 
for  all  tests. 

Summary  of  Tests 
Sixty-Cycle  Arc-Over  Voltage,     (average  of  ten  readings). 
Corrugated  Surface. 

(A)  Plane  grounded 

Arc-over  voltage  67  kv.  =b  5  kv.  eff . 

Average  gradient   9.2  kv.  per  cm. 

(B)  Plane  isolated,  central  electrode  grounded 

Arc-over  voltage  67  kv.  =b  4  kv. 

Average  gradient   9.2  kv.  per  cm. 

(C)  Bushing  entirely  isolated. 

Arc-over  voltage  80  kv.  =fc  10  kv. 

Average  gradient  11  kv.  per  cm. 

A  comparison  of  these  tests  with  the  previous  ones  show  a 
reduction  of  the  arc-over  voltage  for  the  grounded  cases  to  about 
80  per  cent  of  the  previous  values.  The  isolated  case  agrees 
closely  with  the  previous  tests  where  the'plane  was  grounded. 
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The  results  might  be  expected  from  the  following  considera- 
tion: In  the  previous  tests  the  bushing  was  suspended  about 
10  ft.  above  the  floor  of  the  room,  and  therefore  was  not  ap- 
preciably influenced  by  the  floor  and  walls,  whereas  the  present 
tests  were  made  with  the  bushing  about  2  to  3  ft.  from  the  floor 
of  the  room.  The  conditions  of  the  test  had  to  be  changed,  due 
to  the  fact  that  it  was  necessary  to  have  the  damaged  end  of  the 
bushing  under  oil.  Under  these  conditions  the  proximity  of  the 
floor  of  the  room  or  ground  would  have  a  greater  effect  upon  the 
grounded  cases,  A  and  B,  than  for  case  C  where  both  plane  and 
central  electrode  were  isolated. 

It  may  be  interesting  to  note,  at  this  point,  that  the  type  of 
electrostatic  field,  which  we  are  here  concerned  with,  for  example, 
an  infinite  rod  passing  through  a  hole  in  an  infinite  plane  is 
essentially  different  from  the  case  of  two  spheres  at  different 
potentials  in  space.    In  our  case  the  rod  and  the  plane  both 
are  considered  as  going  to  infinity  and  are  at  different  potentials. 
Thus,  it  is  evident  that  the  potential  at  infinity  is  indeterminate 
and  the  electrostatic  field  distribution  merely  depends  upon  the 
relative  potential  between  the  two  electrodes.   This  can  be  seen 
analytically  from  the  mathematical  solution  for  this  simplest  case 
(see  appendix).  The  case  of  two  spheres  in  infinite  space  is  quite 
different.  For  example,  assume  them  to  have  equal  and  opposite 
potentials,  in  that  case,  the  equipotential  surfaces  are  approxi- 
mately spherical  at  great  distances  from  the  spheres  and  at  an 
infinite  distance  the  equipotential  surfaces  around  each  sphere 
are  two  infinite  spheres  made  up  of  the  infinite  plane  which 
passes  midway  between  them.    By  reason  of  symmetry  this 
infinite  plane  is  seen  to  be  at  zero  potential  since  it  forms  the 
equipotential  surface  which  lies  midway  between  the  two  spheres 
and  since  this  plane  goes  to  infinity  the  potential  at  infinity  is 
zero.  * 

If  we  now  assume  one  sphere  at  zero  potential  and  the  other 
at  a  positive  potential  of  such  a  value  as  to  make  the  relative 
potential  between  the  two  spheres  the  same  as  before,  the  elec- 
trostatic field  distribution  is  no  longer  symmetrical  about  the 
plane  midway  between  the  spheres,  that  is,  the  field  has  been 
changed  though  the  relative  potential  between  the  spheres  is  the 
same.    A  diagram  of  the  electrostatic  field,  under  t.\ve»  coxv^v- 
tions,  is  shown  in  Fig.  II  at  the  end  of  Vol.  I,  Electricity  and 
Magnetism,  by  Clerk  Maxwell.    In  this  diagram**,  Qy  \s  ^e 
spherical  surface  at  zero  potential  and,  A,  the  otti^*  sphere  at  a 
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positive  potential.  The  concentration  of  the  field  about,  A,  will 
be  observed.  This  is  quite  a  different  matter  from  the  effect  of 
floor,  walls,  etc.,  of  the  room.  I  have  taken  the  liberty  of  calling 
attention  to  this  fact  because  it  has  puzzled  me  considerably 
and  may  have  bothered  others  also.  The  above  remarks,  of 
course,  do  not  apply  to  the  case  of  two  bushings  in  proximity, 
in  which  case  the  fields  of  the  two  bushings  would  have  to  be 
treated  as  one. 

Conclusions 

In  general,  the  results  of  tests  on  the  above  high-air-efficiency 
bushings  were  not  very  encouraging  from  the  point  of  view  of 
building  a  satisfactory  commercial  bushing  of  this  type.  How- 
ever, if  the  above  suggested  explanation  of  the  discrepancy 
between  theory  and  test  were  found  to  be  correct,  that  is,  if  the 
disturbing  influence  is  due  to  corona  at  the  joints  between  the 
porcelain  and  electrodes,  it  should  be  possible  to  eliminate  it  by 
electrostatic  shielding  of  these  joints.  This  might  eliminate  all 
the  lowering  of  arc-over  except  that  due  to  rain  or  sprayed 
surfaces,  and,  therefore,  might  give  us  a  useful  bushing  for  in- 
door use,  especially  on  testing  transformers,  where  the  impulse 
safety  factor  is  not  important. 

Investigation  of  the  Discrepancy  Between  Calculated 
and  Test  Arc-Over  Voltage  of  Experimental  High-Air- 
Efficiency  Bushing 
Joint  Effect 

The  following  tests  were  carried  out  in  order  to  obtain  an 
experimental  check  upon  the  explanation  offered  above  which 
was  based  upon  the  assumption  that  a  corona  ring  formed  pre- 
maturely at  the  joint  between  the  supporting  dielectric  and  the 
electrodes. 

Large  plane  electrodes  with  smoothly  rounded  edges  were 
spun  up  of  brass  of  the  form  shown  in  Fig.  19.  The  object  of  the 
design  was  to  obtain  as  nearly  as  possible,  a  uniform  field  between 
the  electrodes  without  disturbing  edge  effects.  The  sixty-cycle 
arc-over  voltage  was  then  obtained  at  various  spacings,  with 
planes  alone,  and  when  provided  with  small  rings,  hemispherical 
bosses  and  points.  The  results  are  given  in  the  form  of  curves  in 
Fig.  19. 

It  will  be  observed  from  the  data  given  on  the  planes  alone 
that  the  field  between  them  is  not  accurately  uniform  since  the 
breakdown  gradient  changes  with  the  spacing  and  is  in  general 
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lower  than  21  kv.  effective  per  cm.  the  approximate  strength  of 
air  at  these  large  spacings.  The  arc-overs  were,  however,  well 
distributed  and  did  not  show  a  tendency  to  take  place  at  the 
rounded  edges.  The  200  kilocycle  impulses  arc-over  of  the 
planes  is  given  on  the  curve,  and  approximately  represents  the 
true  strength  of  air  under  uniform  field  conditions,  as  the  edge 
effect  does  not  seem  to  greatly  lower  the  impulse  arc-over. 

To  show  roughly  the  effect  of  hemicylindrical  bosses  small 
copper  rings  \  in.  (0.318  cm.)  cross-section  were  used.  Two 
diameters  for  the  rings  were  tried  first,  one-inch  (0.254  cm.) 


diameter  and  secondly,  four-inch  il0.15  cm.).  The  results  were, 
however,  not  appreciably  different  and,  therefore,  the  averages 
are  shown,  first  for  the  case  of  a  single  ring  on  the  upper  plane, 
and  secondly  for  a  ring  on  each  plane.  The  rings  were  not  made 
half -sections  because  it  was  not  thought  necessary  for  such  rough 
tests.  Of  course  the  effect  produced  by  the  ring  is  not  rigorously 
equivalent  to  a  straight  hemicylindrical  boss^except  where  the 
cross  section  of  the  ring  is  exceedingly  smalTand  the  diameter  of 
the  ring  extremely  large  in  comparison. 

The  hemisi  herkal  bosses  used.had_a  radius  of  £in.  .0.31S  cm.) 
No  appreciable  difference  was  observed  between  the  case  in  which 
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a  boss  was  placed  on  one  or  on  both  planes,  and,  therefore,  a 
single  curve  is  shown. 

The  points  or  cones  which  were  employed  were  approximately 
30  deg.  and  i  in.  (0.635  cm.)  high  and  had  rather  dull  points. 

From  the  previous  discussion  we  saw  that  the  apparent  arc- 
over  gradient  when  hemicylindrical  bosses  were  placed  upon  the 
planes  should  be,  assuming  any  corona  formation  to  be  unstable 
somewhat  above  10.5  kv.  eff.  per  cm.  due  to  the  so-called  "energy 
distance  effect* *  which  requires  that  the  surface  gradient  exceed 
the  breakdown  strength  of  air.  The  rough  tests  given  above 
indicate  an  apparent  surface  gradient  of  about  13  kv.  eff.  per  cm. 
Observation  in  the  dark  indicated  that  arc-over  takes  place 
without  previously  showing  corona. 

A  similar  explanation  probably  suffices  to  explain  the  difference 
between  the  apparent  arc-over  gradient,  as  discussed  above,  for 
the  case  of  a  hemispherical  boss  which  indicated  that  on  the 
assumption  of  unstable  corona  formation  the  arc-over  would 
take  place  at  an  apparent  gradient  somewhat  above  7  kv.  eff.  per 
cm.  In  test  the  apparent  gradient  was  found  to  be  about  10  kv. 
eff.  per  cm.  No  corona  could  be  observed  in  the  dark  before 
arc-over. 

The  case  of  the  small  points  on  the  planes  is  not  so  easily  cal- 
culated but  is  interesting  in  showing  the  extreme  condition. 
Observation  in  the  dark  showed  streamers  from  the  point  to  the 
plane  just  below  the  arc-over  voltage,  sometimes  resulting  in 
arc-over  and  sometimes  going  out,  the  appearance  being  like  very 
fine  so-called  "static  sparks"  and  not  a  corona  like  glow. 

Surface  Effect 

Tests  in  Air  and  Cil.  We  have  seen  that  the  explanation  of  the 
discrepancy  between  calculated  and  test  arc-over  voltages  of  the 
high-air-efficiency  bushing  can  be  fairly  satisfactorily  explained 
on  the  assumption  that  the  joint  between  the  porcelain  and  metal 
of  the  electrodes  was  the  disturbing  influence  which  brought 
about  the  reduction  in  arc-over  voltage.  It  has  also  been  pointed 
out  that,  if  this  were  the  true  explanation,  it  should  be  possible 
to  eliminate  the  effect  by  proper  electrostatic  shielding  of  the 
joints.  The  following  preliminary  tests  were,  therefore,  carried 
out  in  order  to  roughly  check  the  assumption  experimentally. 

For  this  purpose  the  two  brass  electrodes  used  in  the  previous 
tests  were  available,  and  in  addition  a  second  pair  of  planes  were 
spun  up  on  exactly  the  same  form,  except  that  the  annular 
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grooves  were  added  as  shown  in  Fig.  20.  The  object  of  the 
grooves  was  to  supply  an  electrostatic  seal  for  the  edge  of  the  test 
piece  (a  glass  cylinder  in  these  tests).  It  is  believed  that  in  this 
manner  we  have  shielded  the  joint  between  the  test  piece  and  the 
electrodes,  and,  therefore,  should  have  eliminated  any  disturbing 
influence  which  might  arise  from  the  joints.  An  imaginary 
sketch  of  the  electrostatic  field  about  the  grooves  has  been  drawn 
which  is  also  a  detail  drawing  of  the  groove.  Reference  may  also 
be  made  to  Figs.  XI  and  XIII,  at  the  back  of  Vol.  I,  Electricity 
and  Magnetism,  by  Clerk  Maxwell,  which  show  the  screening 


Fig.  20 


effect  of  plates  and  gratings,  which  are  somewhat  analogous  cases. 
Under  these  conditions  the  introduction  of  the  glass  cylinder  of 
high  specific  inductive  capacity  in  parallel  with  the  air  dielectric 
should  have  no  effect  upon  the  arc-over  voltage,  providing  the 
strength  of  air  is  not  different  when  in  contact  with  the  test  piece. 

The  data  obtained  using  various  test  pieces  between  the 
smooth  and  grooved  planes  in  air  and  oil  are  summarized  by  the 
curves,  Figs.  21  to  25.  During  the  tests  the  barometer  varied 
between  74.5 — 76.  cm.  Hg.;  the  temperature  between  23  deg. 
cent,  to  27  deg.  cent,  and  humidity  between  34  per  cent  to 
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53  per  cent.  The  effect  of  these  variations  did  not  show  them- 
selves above  the  experimental  errors  involved  in  the  tests  and 
therefore  all  the  data  were  averaged  together.  The  glass  cylinders 
used  as  test  pieces  were  ordinary  soda  glass  approximately  2.5 
inches  (6.25  cm.)  diameter  with  a  wall  thickness  of  about  0.07 
inches  (0.18  cm).  In  all  cases  minute  longitudinal  flaws  were 
visible  along  the  grain  of  the  glass.  The  edges  of  the  cylinders 
were  roughly  ground  but  the  process  left  appreciable  irregularities 
which  probably  would  be  sufficient  to  introduce  corona  dis- 
turbances, if  they  are  appreciable. 

Three  conditions  of  the  glass  surface  were  investigated:   I — 
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Fig.  21 — Smooth  Planes — Sixty  Cycle  Tests  in  Air 

Glass  cylinders  cleaned  with  absolute  alcohol  and  dried  with  a 
cloth.  This  case  is  represented  on  the  curves  as  dry  glass  (I). 

I  r — Glass  cylinders  cleaned  as  in  (I)  and  then  heated  for  about 
3  hours  at  180  deg.  cent.  The  cylinders  were  then  removed  from 
the  oven,  handling  being  done  by  means  of  dried  fibre  strips,  and 
set  up  between  the  planes  for  test.  Arc-overs  were  taken  while 
the  cylinders  were  still  hot  and  also  after  they  had  reached  room 
temperature.  The  later  condition  is  that  referred  to  on  the 
curves  as  dry  glass  (II).  The  hot  arc-overs  differed  from  the 
room  temperature  ones  merely  in  proportion  to  the  change  in  air 
density  on  the  supposition  of  a  heated  film  of  air  in  the  vicinity 
of  the  hot  cylinders. 
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III — Wet  glass  cylinders.  For  these  tests  the  cylinders  were 
held  under  the  water  faucet  just  before  tests  were  made. 

For  the  tests  in  which  the  cylinders  were  coated  with  paraffine, 
or  oil,  etc.,  the  test  piece  was  soaked  in  the  hot  material  and  then 
tested  after  reaching  room  temperature. 

The  tests  with  hard  rubber  varied  considerably  as  shown  by 
the  two  curves.  The  upper  curve  is  for  hard  rubber  cylinders 
which  had  been  re-surfaced  with  fine  emery  just  before  test. 
The  lower  curve  shows  the  arc-over  after  the  test  piece  had  stood 
around  the  laboratory  for  a  week  or  so.   The  tests  with  oiled 
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Fig.  22 — Smooth  Planes — Sixty-Cycle  Tests  is  Aim 

hard  rubber  refer  to  cylinders  which  had  been  soaked  in  No.  6 
transit  oil  for  a  few  days. 

Tests  were  also  made  on  wound-up  paper  cylinders  impreg- 
nated with  compound. 

The  tests  using  glass  disks  given  on  curve  sheet  Fig.  22  were 
intended  to  show  the  effect  of  breaking  up  the  surface  first  by  the 
natural  irregularity  of  the  piled  up  disks  vsee  Fig.  26K  secondly 
with  larger  glass  disks  inserted  at  intervals,  and  thirdly  with 
nietal  disks  inserted  at  intervals.  The  glass  disks  were  0.075  in. 
0,19  cm/  thick  and  2  in-  5  cm.-  and  4  in.  v10  cm/-  dsuneter 
and  had  roughly  ground  edges*  The  metal  barriers  were  S  in. 
12  7  cm.  in  diameter anl.O  019  in.  0.O4S  cm  '  thick. 
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The  under-oil  tests  were  carried  out  in  a  large  wooden  oil  tank 
containing  No.  6  transil  oil,  testing  40  kv.  between  0.5-in.  (1.27 
cm.)  terminals  at  0.2  inches  (0.51  cm.)  spacing. 

The  impulse  tests  were  made  using  F.  W.  Peek's  impulse 
generator  21  with  an  impulse  resembling  half  a  cycle  of  a  200 
kilocycle  sine  wave.  The  voltages  given  are  on  the  assumption 
that  arc-over  occurs  at  the  top  of  the  sine  wave  impulse. 

A  few  tests  were  made  using  glass  tubes  and  hard  rubber 
cylinders  having  different  diameters,  so  as  to  see  whether  the 
arc-over  was  affected  by  changes  in  the  surface  resistance  be- 


tween the  planes.  The  tests  did  not,  however,  show  any  varia- 
tion from  the  previous  ones. 

The  incompleteness  of  the  data  and  the  irregularities  which 
occurred  between  different  samples  of  the  same  material  as  well 
as  the  rather  crude  methods  of  test  make  any  conclusions  rather 
questionable.  I  am,  however,  inclined  at  present  to  the  following 
conclusions. 

If  all  precautions  were  taken  to  absolutely  free  the  test  samples 
from  moisture,  and  furthermore,  if  practically  perfect  joints  were 
made  between  the  test  samples  and  the  planes,  either  by  electro- 


21.  See  footnote  17. 
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MtatiHtically  Khielding  the  joints  or  by  mechanical  fit,  I  believe 
that  the  priwencc  of  insulation  in  parallel  with  air  or  oil,  etc.,  in  a 
uniform  field  would  not  result  in  a  breakdown  lower  than  that  of 
the  weakeHt  material.  When,  however,  the  joint  is  not  carefully 
made,  1  believe  that  premature  breakdown  occurs  at  the  joint 
when  a  high  inductive  capacity  material  is  placed  in  parallel  with 
a  lower  inductive  capacity  material. 

When  dealing  with  dielectrics,  which  have  been  cleaned  and 
dried,  with  what  would  be  considered  great  care  in  the  household 
Henne  of  the  word,  there  appears  to  be  a  very  large  reduction  in 

arc-over  under  the  conditions 
here  discussed,  namely,  under 
uniform  field  conditions,  depend- 
ing upon  the  character  of  the 
material  which  cannot  be  ac- 
counted for  by  joint  effect.  In 
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with  electrostatic  ones  and  no  distortion  or  increase  in  stress 
would  thereby  result.  If,  therefore,  the  reduction  is  to  be 
attributed  to  surface  leakage  or  conduction,  this  effect  must  be  of 
an  erratic  and  discontinuous  nature. 

It  would  be  of  considerable  theoretical  interest  to  test  this  con- 
clusion experimentally.  For  example,  I  believe  that  a  suitably 
high  resistance  and  homogeneous  metallic  film  could  be  obtained 
on  a  glass  cylinder  by  subjecting  it  either  to  a  cathode  spray 
or  by  volatilization  in  a  high  vacuum.  Some  tests  were  tried  in 
which  ground-glass  cylinders  were  coated  with  graphite,  etc., 
but  without  satisfactory  results. 


Fig.  26 


I  believe  that  a  thorough  and  accurate  investigation  of  this 
phenomena  would  be  of  considerable  practical  as  well  as  theoreti- 
cal interest. 

Revised  Arc-over  Calculation  of  High-Air-Efficiency 

Bushing 

Ajrevised^calculation  of  the  arc-over  voltage  of  the  high-air- 
efficiency  bushing  may  now  be  made  which  takes  into  account 
the  surface  and  joint  effects.  We  have  seen  previously  that 
the  surface  arc-over  of  the  bushing  in  air  should  take  place  under 
ideal  conditions  at  about  150  kv.  effective.    Now,  since  the 
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which  the  supporting  dielectric  and  air  are  approximately  in 
series  in  a  radial  field.  It  will  be  seen  that  when  considering 
ordinary  materials  from  which  bushings  are  usually  made  that 
this  surface  effect  practically  requires  us  to  go  to  the  radial  type 
of  field  in  constructing  a  bushing. 

Calculation  of  the  Arc-over  of  the  Test  Piece,  Described 
and  Tested  by  C.  L.  Fortescue  and  S.  W.  Farnsworth.*3 
The  electrodes  consisted  of  confocal  hyperboloids  of  revolution 

of  two  sheets.  The  equation  of  the  hyperbolas  which  constitute 

the  generating  curves  were  obtained  from  the  description  and 

Fig.  20  of  the  paper  as  follows: 24 


Where   

f  -  V  a*  +  c2  =  1  in.  the  semi-focal  distance, 

and      a  =  0.875  in. 

c  =  0.485  in. 

from  which  we  have 

x2  z2  _ 

(0.875)*""  (0.485)*  "  1 


The  ellipsoidal  hard-rubber  supporting  dielectric  is  cut  out  by 
rotating  the  ellipse  whose  equation  was  determined  in  a  similar 
manner  to  be 


Where  /  =  V  a2  -  b2  =  1  in. 

and  b  =  3.1  in. 

a  =  3.26  in. 

and 

x2  y* 
(3726?  +  (OT*  =  1 


Reference  to  Fig.  18  or  19  of  tfie  appendix  shows  that  the  hypo- 
bola  No.  27  is  very  approximately  the  one  corresponding  to  that 
used  for  the  electrodes.  The  ellipse  bounding  the  hard  rubber 
is  No.  22  counting  out  from  the  focal  ellipse  as  0. 

23.  See  footnote  1. 

24.  See  p.  863  and  Figs.  1  and  2  of  the  appendix. 
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Assuming  the  breakdown  strength  of  air  as  21  kv  elfertrre 
per  cm.  and  perfect  dielectrics,  corona  tit;  old  start  a:  the  jurxtax* 
between  the  hard  ruhoer  and  electrodes  at  3)5  kv.  err.  If  we 
farther  assume  that  the  corci^  formation  is  tmstahie  arc-over 
should  occur  ^urrin^  perfect  dielectrics  without  surface  or 
joint  effects  at  about  this  value.  The  t&ctor  which  takes  mto 
account  the  reduction  in  arc-over,  due  to  what  has  been  called 
surface  and  joint  effect,  for  the  case  of  hard  rubber  m  parallel 
with  air  in  a  uniform  field,  in  which  the  fuZ  value  of  the  gradapnt 
is  along  the  surface,  is  applicable  in  this  case.  The  tests 
have  sho-jrn  that  a  factor  of  about  73  per  cent  should  be 
applied  to  the  value  as  calculated  neglecting  this  enect.  Thus, 
the  calculated  arc-over  of  this  structure  is  about  loft  kv.  elective, 
the  test  result?  reported  by  Fortescue  and  Famsworth  were 
?iven  as  160  kv.  effective 

Outline  of  Some  op  the  Possible  Methods  for  Ixcbfasixg 
the  efficiency  of  the  use  of  the  srppobttxg 
Dielectric 

In  the  previous  discussion  on  bushing  design  attention  has 
been  principally  directed  towards  studying  the  possibilities  of  an 
efficient  vise  of  the  air  dielectric.  Theoretically,  the  ideal  boshing 
would  be  that  in  which  the  whole  dielectric  is  used  to  its  maxi- 
mum efficiencv,  that  is,  it  would  be  on  the  point  of  breakdown 
simultaneously  at  all  points.  Therefore,  it  is  interesting  to  study 
the  possibilities  of  increasing  the  efficiency  of  the  use  of  the  solid 
or  supporting  dielectric.  For  example,  inspection  of  the  diagram. 
Fig.  14  shows  that  the  supporting  dielectric  in  a  bushing  built 
along  these  lines  is  not  used  to  its  maximum  strength  except  right 
near  the  rod  and  edge  of  the  hole  in  the  tank.  Therefore,  if  it  is 
possible  by  some  means  to  redistribute  the  stress  in  the  solid 
dielectric  so  as  to  bring  about  a  more  uniform  condition,  it  would 
be  possible  to  greatly  reduce  the  diameter  of  the  bushing  as  a 
whole.  The  following  are  some  of  the  possible  methods  which 
might  be  employed. 

I — Theoretically  we  could  bring  about  the  desired  condition 
provided  we  had  suitable  dielectrics  of  various  inductive  capaci- 
ties and  dielectric  strengths.  We  could  then  place  the  high 
inductive  capacity  materials  near  the  rod  and  edge  erf  the  hole 
in  the  tank  putting  the  lower  inductive  capacity  materials  in  the 
less  dense  parts  of  the  field  and  in  some  such  manner  as  this  bring 
about  the  condition  in  which  all  the  dielectrics  used  were  stressed 
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to  their  maximum  strengths.  This  is  the  well  known  principle  of 
graded  insulation.  Unfortunately  there  is  not  a  very  wide  varia- 
tion in  the  inductive  capacities  of  the  materials  which  are  avail- 
able in  practise. 

II —  If  there  were  available  extremely  high  resistance  materials, 
or  dielectrics,  we  could  construct  a  bushing  which  would  main- 
tain a  proper  potential  distribution  by  conduction  through  the 
dielectric.  This  might  be  called  a  resistance  bushing.  A  graded 
resistance  bushing  would  also  be  possible. 

III —  Another  method  is  to  insert  artificial  equipotential  sur- 
faces and  thereby  control  the  stresses  in  the  manner  which 
we  desire.  In  order  to  effect  the  desired  distribution  of 
stresses  the  artificial  equipotential  surfaces  must  be  maintained 
at  the  proper  potentials.  Some  of  the  methods  which  can 
theoretically  be  used  for  this  purpose  are  as  follows: 

A.  Metallic  connection  to  a  proper  source  of  potential.  For 
example,  to  transformer  taps  or  external  balancing  resistances, 
inductances  or  capacities,  etc.  A  balancing  resistance  might  even 
be  embedded  in  the  dielectric. 

B.  By  conduction  through  the  supporting  dielectric.  This 
would  be  similar  to  the  resistance  bushing  mentioned  above 
except  that  the  distribution  of  the  conduction  current  could  be 
modified,  in  various  ways,  by  the  insertion  of  artificial  equipoten- 
tial surfaces. 

C.  Electrostatically  (or  the  well  known  condenser  principle)2* 
in  this  case  we  have  the  balancing  condensers  embedded  in  the 
supporting  dielectric,  and,  at  the  same  time,  forming  the  arti- 
ficial equipotential  surfaces.  Of  course  graded  insulation  is  also 
applicable  to  this  type  of  bushing. 

Theoretically  where  artificial  equipotential  surfaces  are  used 
they  could  be  extended  through  the  surface  of  the  solid  or  sup- 
porting dielectric  into  the  air  part  of  the  field  where  they  could 
be  used  to  assist  in  bringing  about  the  desired  field  distribution, 
and  at  the  same  time,  even  be  made  to  act  as  petticoats  to  shield 
the  surface  from  rain,  etc. 

Obviously  the  possibility  exists  of  making  various  combina- 
tions of  the  above  principles.  N 

When  the  practical  difficulties  of  utilizing  the  above  methods 

25.  R.  Nagel  Elektrische  Bahnen  und  Betriebe,  1906,  p.  278;  A.  B. 
Reynders,  A.  I.  E.  E.,  Trans.,  1909,  Vol.  XXVIII,  Part  I,  p.  209;  C.  L. 
Fortescue,  Electrical  Journal,  August  1913,  p.  718;  W.  S.  Franklin,  Journal 
of  the  Franklin  Institute,  July  1913. 
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are  considered  it  appears  that  case  III  alone,  or  possibly  in  com- 
bination with  grading  by  inductive  capacities,  is  the  most  feasible 
at  the  present  time.  Therefore,  a  brief  study  of  this  case  was 
undertaken  making  use  of  the  electrodynamic  method. 

Preliminary  Study  of  the  Use  of  Artificial  Equipotbntial, 
Surfaces  or  Potential  Equalizers 
Diagrams  of  Figs.  27  and  28,  were  taken  as  a  preliminary  study 
of  the  effects  produced  by  forcing  a  uniform  distribution  of 
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Fig.  27 


potential  gradient  in  the  solid  or  supporting  dielectric  by  the  use 
of  cylindrical  artificial  equipotential  surfaces.  Diagram.  Fig.  27. 
shows  the  esect  when  the  radial-field  type  is  used  on  the  air 
end  and  diagram.  Fig.  28.  for  the  uriiorm-fieM  type.  The 
under<rZ  ends  are  what  might  be  termed  sra-radiaL 

At  the  outset,  it  should  be  noted  that  it  is  necessary  to  study 
both  the  air  and  oil  ends  simultaneously  if  they  are  not  symmetric 
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cal,  otherwise  the  problem  is  indeterminate.  Briefly  the  method 
of  experiment  was  as  follows :  The  skeleton  electrodes,  for  Fig.  27 
consisted  of  a  plane  with  cylinder  (ground  shield)  and  a  central 
rod  provided  with  a  tin  disk  at  both  ends.  The  disk  on  the  under- 
oil  end  was  put  in  so  as  to  make  a  definite  field  in  which  to  end 
the  artificial  equipotential  surfaces.  If  this  were  not  done  the 
bushing  would  be  greatly  affected  by  the  piece  of  apparatus  in 
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Fig.  28 

which  it  was  afterwards  used.  I  believe  that  this  feature  is  quite 
important.  The  ground  shield  was  used  in  order  to  relieve  the 
stress  on  the  air  above  the  oil  level,  as  usual,  and  was  projected 
into  the  air  end  so  as  to  shield  the  joint  which  would  be  necessary 
in  construction.  Five  tin  quarter-cylinders  were  then  added  as 
the  artificial  equipotential  surfaces.  These  were  constructed 
of  two  pieces  so  that  they  could  be  telescoped,  thereby  making  it 
possible  to  change  their  length  and  the  position  of  their  ends 
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both  in  the  air  and  oil  parts  of  the  field.  The  adjustment  was 
accomplished  by  a  system  of  strings  so  that  different  positions 
could  be  tried  while  experimenting  with  water  in  the  box.  The 
apparatus  was  set  up  in  this  manner  and  the  position  of  the 
cylinders  in  the  air  and  oil  ends  adjusted  until  the  potential  gra- 
dient between  the  cylinders  was  as  nearly  equal  as  could  be  easily 
predetermined.  It  was  during  the  course  of  this  work  that  it 
was  found  necessary  to  add  the  tin  disk  at  the  top  of  the  bushing, 
(See  Fig.  27)  in  order  to  have  a  dense  field  in  which  to  end  the 
two  inner  cylinders.  If  this  were  not  done  they  would  have  had 
to  be  either  too  close  to  the  under-oil  disk  which  would  mean  too 
great  a  stress  at  the  bottom  of  the  under-oil  end,  or  greatly 
extended  in  the  air  end.  In  the  latter  case  the  resulting  bushing 
would  have  been  much  higher  than  seemed  desirable  for  the 
preliminary  work  where  an  exaggeration  of  effects  was  desirable. 
Naturally,  the  position  of  the  potential  equalizing  cylinders  may 
be  almost  anything,  that  is,  the  potential  of  any  of  the  cylinders 
could  be  brought  to  the  desired  value  either  by  adjustment  of 
the  ends  of  the  cylinder  in  the  air  or  oil  end.  Such  an  arbitrary 
arrangement,  without  regard  to  the  stresses  brought  about  on 
other  parts  of  the  bushing,  would  obviously  result  in  an  imprac- 
tical design.  For  instance,  it  might  result  in  bad  stresses  at  the 
ends  of  the  cylinders  and  outside  of  them  at  the  expense  of  the 
uniform  gradient  thus  obtained  within.  In  both  diagrams  the 
object  was  to  obtain,  as  nearly  as  possible,  equal  gradient  within 
the  cylinders,  and  at  the  same  time,  obtain  the  best  external 
field  consistent  with  this  requirement.  Naturally,  in  practise 
it  would  probably  be  best  to  compromise  between  the  internal 
and  external  parts  of  the  field  but  for  a  preliminary  study  it 
seemed  best  to  take  one  object  to  start  with  and  study  the 
consequences. 

When  the  diagram  was  completed,  it  was  found  that  the  pre- 
liminary adjustment  had  not  actually  obtained  the  uniform 
gradient  in  the  solid  material  as  had  been  attempted.  For 
example,  the  distributions  between  the  various  artificial  equipo- 
tential  surfaces  starting  from  the  ground  shield  were  as  follows : 
(See  Figure  27). 

I  — Number  of  lines   6. 


Average  gradient 


6  lines 
2.92  cm. 


=  2.05 


II  — Number  of  lines. . . 
Average  gradient 


6.4 

6.4  lines 
3.94  cm. 


:  - 1.62 


1917]  RICE:  ELECTROSTATIC  PROBLEMS  961 


III —  Number  of  lines   7. 

Average  gradient   7  lines 

4.2cm.    "  1.66 

IV —  Number  of  lines   6.5 

Average  gradient   6.5  lines 

3.3cm.  -1.97 

V  — Number  of  lines   10 

Average  gradient   10  lines 

3.8cm.   =  2.64 

VI  — Number  of  lines   14 

Average  gradient   14  lines 

2.16cm.  =  6.5 

No  attempt  was  made  to  obtain  a  low  gradient  in  the  last  case, 
as  it  was  contemplated  to  select  the  equipotential  surface  of  the 
inner  cylinder  as  our  rod  with  cap. 

Inspection  of  Fig.  27  will  show  that  a  concentration  of  the 
field  at  the  top  and  bottom  ends  of  the  bushing  has  resulted 
from  forcing  the  nearly  uniform  gradient  between  the  cylinders. 
It  should  also  be  observed  that  the  capacities  of  the  concentric 
cylinder  condensers  formed  by  the  artificial  equipotential  sur- 
faces have  no  definite  relation,  under  these  conditions,  where 
the  effect  of  the  caps  and  assymmetry  of  the  problem  introduce 
large  effects.  For  example,  assuming  as  the  length  of  the  con- 
densers the  mean  height  of  the  two  adjacent  cylinders  we  have 
for  the  capacities  starting  from  the  ground  shield. 

T       r  =  mean  height  _  25.2  cm.    _  25.2  _  ft 

,       R  log*  1.16   "  0.148  "  7 

logt  — 

II  C  proportional  to  33.3cm.  =  33.3  n 

log,  1.29  0.255 

III  C         "        "  59.4  cm.      59.4  _ 

log.  1.43  0.358 

IV  C         "        "  86.0  cm.       86  2ft 

log€  1.52     0.419  = 

V  C         "        "  94.2  cm.      94.2  _ 

log€  2.5  0.916 

VI  C         "        "  100  cm.  100 

log€6.7  *  1.90  *    63  8 
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I  wish  to  emphasize  caution  against  any  conclusions  which  might 
be  drawn  from  the  above  values  for  the  capacities;  for  an  entirely 
different  adjustment  of  the  lengths  of  the  cylinders  could  ob- 
viously be  obtained  which  would  still  give  equal  potential 
gradient  between  the  successive  cylinders  and  in  which  the 
capacities  calculated  as  above  would  have  entirely  different 
values  and  interrelations. 

Before  leaving  the  discussion  of  this  diagram  it  may  be  inter- 
esting to  note  that  if  we  built  a  bushing  along  these  lines;  for 
example,  if  we  selected  equi potential  surface  No.  36  as  our  cen- 
tral rod  with  cap  and  equipotential  surface  No.  0  as  plane  with 
ground  shield,  corona  would  start  at  the  top  of  the  bushing  at 
about  238  kv.  effective  and  would  probably  arc-over  slightly 
above  this  value.  The  average  voltage  per  cm.  of  height  of  this 

bushing  would  be  =  3.4  kv.  effective  per  cm. 

70  cm. 

Diagram,  Pig.  28  was  taken  using  the  same  electrode  configura- 
tion except  that  the  large  skeleton  cap  was  put  in  place  of  the 
small  one  used  for  Fig.  27.  The  position  of  the  cylinders  was 
adjusted  with  the  same  objects  in  view  as  for  the  previous 
diagram. 

The  distribution  of  potential  between  the  various  artificial 
equipotential  surfaces  starting  from  the  ground  shield  will  be 
seen  to  be  as  follows: 
(See  Diagram,  Fig.  28). 

I.  — Number  of  lines   6.5 

.  6.5  lines     0  ,0 

Average  gradient  3  05cm  ~ 

II.  — Number  of  lines  7. 

7.  lines 

Average  gradient  3  ^  =1.77 

III.  — Number  of  lines   7.5 

7.5  lines 

Average  gradient   3  94  cm  ^  1  90 

IV.  — Number  of  lines   6. 

6  lines 

Average  gradient   3  =  1.69 

V.  — Number  of  lines   10 

Average  gradient   qQq^!L  =*  2.62 

o.oz  cm. 
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VI. — Number  of  lines. .    13 

Average  gradient   lfr  lines    _   g  ^ 

z.  lo  cm. 

As  before,  no  attempt  was  made  to  obtain  a  low  gradient  inside 
of  the  small  last  cylinder  as  it  was  contemplated  using  this 
equipotential  surface  for  the  rod  with  cap,  as  in  the  previous  case. 

The  capacities  of  the  adjacent  cylinders  considered  as  con- 
centric cylinder  condensers,  starting  from  the  ground  shield, 
are  as  follows: 


i  R 
log€  — 


II.-   C  proportional  to   log«  1.27  =  0^9  =  138 


24.9  cm- 

24.9 

log.  1.17 

0.157 

32.8  cm. 

32.8 

log,  1.27 

0.239 

51  cm. 

51. 

log,  1.41 

0.344 

73  cm. 

73 

log,  1.56 

0.445 

86  cm. 

86 

log,  2.5 

0.916 

99  cm. 

99 

log,  6  .7 

1.90 

158 


IV'      "        "        " log«  1.56     0.445  164 

v        «        <<        a  86  cm.         86  Q4 

v-   log«2.5  0.916 

try   «  n  <<  99  CHI.     _      99      _  cr> 

VA*    log.  6.7  1.90 

As  in  the  previous  case,  caution  should  be  urged  against  hasty 
conclusions  drawn  from  the  above  capacity  values,  for  in  this 
case  also  an  entirely  different  adjustment  would  be  possible  in 
which  the  magnitudes  and  interrelations  between  the  capacities 
would  have  very  different  values. 

In  designing  a  bushing  from  this  diagram  we  might  select 
equipotential  surface  No.  38  for  the  rod  with  cap  and  equipo- 
tential surface  No.  0  for  the  plane  with  ground  shield.  A  straight 
cylindrical  shell  would  be  added  enclosing  the  central  core  and 
the  ground  shield.  The  resulting  distribution  of  the  potential 
on  the  air  end  of  such  a  bushing  would  be  approximately  uniform. 
Under  these  conditions  corona  would  start  at  the  cap  on  the 
air  end  at  about  440  kv.  effective  which  gives  an  average  gradi- 
ent along  the  surface  of  7.75  kv.  effective  per  cm. 

The  tests  made  on  glass  cylinders  in  a  uniform  field  in  which 
the  surface  breakdown  gradient  was  found  to  be  about  9.2  kv. 
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conform  to  any  of  the  equipotential  surfaces  in  the  diagram  as  it 
did  not  seem  necessary  to  do  so,  since  the  field  win  probably 
not  be  greatly  changed  by  the  deviations  made.  A  groove  was 
pot  in  the  cap  on  the  air  end  to  electrostatically  shield  the 
joint  between  the  supporting  dielectric  and  the  air.  The  con- 
denser core  of  the  bashing  was  made  of  wound-up  shellac  paper 
with  tin-foil  layers  at  intervals  of  1  16  in.  It  was  turned 
down  to  the  shape  shown  in  Fig.  29  and  then  stepped  off  as 
will  be  seen  from  the  photograph  Fig.  30. 

A  shellac  paper  cylinder  enclosed  the  air  end  of  the  hwiiing 
and  the  shell  for  the  ander-oA  end  was  bczxk  tip  of  hard-rubber 
rings.    Sarco,  an  asphaltic  compound,  was  used  as  trZer. 

Arc-Oeer  Voltage  as  Calculated  from  the  Diagram 

An  inspection  of  Fig.  29  will  show  that  the  gradient  on  the  air 
end  is  very  nearly  paraZel  to  the  surface  of  the  coutazmxig 
cvimder  and  is  approximately  uniformly  distributed  being  .mm^., 
what  Mvr*w  near  the  top.  The  ma-iiiiTLim  gradient  oct  the  adr 
end  is  st^  to  be  on  the  cap  away  from  the  surface-  Under 
conditions  corona  should  start  on  the  cap  at  about  90  kv.  effective 
as  calculated  from  the  diagram  rrra  krr::  allowance  for  the  fact 
that  the  cap  used  did  not  rigorously  conform  to  any  sitae  eqni- 
potential  surface  of  the  digram.  The  bushing  is  15  en.  hxgb 
and  therefore  the  average  gradient  along  the  surface  would  be 
6.7  kv.  etr.  per  en. 

Inspecdoti  of  the  under-eil  end  shows  that  a  coccentradocL  of 
stress  has  resulted  on  the  cap  from  fctcfn£  the  unif  jrrn  internal 
stress  bv  the  artincial  cqnrpo-teitiil  surtsces^    The  dscanoe  be- 
tween X?  22  and  2S  *  "ines  where  the  under-oil  s2*eH 
meets  the  cap  is  O  S  cm.  thts  we  hi^re  7  5  Itraes  per  col 
Tests  on  the  under-ocl  arc-over  of  mhber  cy!=a3ers  **  ****  n  par- 
aZei  ?Za»s  ^ave  a  surface  arc-over  gradient  of  about  23  lev. 
ecectrre  per  cm.    Assuming  this  data  to  arcly  in  ths  ease*  arc- 
ever  cf  the  m«5er-oC  end  cc  the  bushing  shculd  take  piace  at 

ibcut  -^r  v  23  =  92  kv.  elective. 

It        be  observed  frcm  these  cikujitaccs  that  tise  a=r  ad 
u=der-c£  erds  are  about  eqsaZy  scrsc^.   Be&re  the  »s  were 
it  was  therefrre  irurcml  whach  end  wedd  arc-cwear  first 

as  the  cajculitSrcs  are  rjecessarily-  enly  arrrcssr=ii»*  we  we 
ha-^e  ore  acrr^Zr  r:D:-*nfd  the  ec^rirccent^il  surnioes  c£  the 
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Sixty- Cycle  Dry  Arc-Over  Tests 
These  tests  were  made  with  the  plane  grounded: 

Arc-over  voltage  86  kv.  effective 

Average  gradient  along  surface  5.7  kv.  per  cm. 

Arc-over  took  place  clear  of  the  surface  from  the  cap  to  the 
plane.  Upon  applying  the  voltage  for  the  third  time  the  bushing 
apparently  punctured  either  inside  of  the  shell  or  under  oil  at 
76  kv.  effective.  Inspection  did  not  indicate  an  under-oil  arc- 
over  and  therefore  the  bushing  had  to  be  taken  to  pieces  in  order 
to  determine  the  cause  of  failure.  This  process  necessitated 
destroying  the  bushing  as  it  is  difficult  to  get  the  compound  out 
in  any  other  way.  The  investigation  showed  that  the  result  of 
failure  was  due  to  an  arc-over  of  the  bushing  on  the  air  end  along 
the  inside  surface  of  the  containing  shell.  A  large  blister  about 
1%  in.  (4  cm.)  long  was  found  at  this  point  which  had  held  the 
compound  away  from  the  surface  and  thus  left  an  air  pocket 
which  weakened  the  inside  surface  and  resulted  in  the  failure. 

I  was  disappointed  not  to  be  able  to  obtain  wet  arc-over, 
impulse  arc-over  and  under-oil  arc-over,  but  did  not  believe  that 
these  results  would  warrant  rebuilding  a  bushing  of  this  sort  for 
it  is  quite  certain  that  the  results  would  be  low,  for  the  same 
reasons  which  were  met  with  in  the  tests  on  the  high-air-efficiency 
bushing  and  from  which  it  was  concluded  that  a  more  nearly 
radial  type  of  field  is  generally  desirable  in  practise. 

A  reference  to  Fig.  10,  will  show  that  in  the  radial-field 
type  of  bushing  the  natural  equipotential  surfaces  are  ap- 
proximately cylindrical  in  form  and  therefore  it  will  be 
impossible  to  produce  any  considerable  change  in  the  potential 
distribution  by  means  of  cylindrical  artificial  equipotential  sur- 
faces, unless  they  extend  to  a  great  distance  in  the  air  end,  or 
unless  a  cap  or  hat,  or  the  equivalent,  is  provided  on  the  under- 
oil  end,  which  changes  the  natural  equipotential  surfaces  from 
the  cylindrical  form,  and  therefore,  allows  us  to  bring  about  a 
change  in  potential  distribution  by  inserting  cylindrical  artificial 
equipotential  surfaces.  That  is,  if  our  inserted  metal  equipoten- 
tial surfaces  do  not  differ  in  form  from  the  naturally  existing 
equipotential  surfaces  no  effect  in  the  potential  distribution 
results  from  their  insertion,  regardless  of  number,  spacing,  etc. 
It  is,  therefore,  useless  to  employ  them  unless  they  produce  an 
effective  increase  in  the  apparent  strength  of  the  solid  or  support- 
ing dielectric  by  virtue  of  a  subdivision  of  the  dielectric  into 


'///,   */,     '  ;  *k        i  "X-f'j.~Jtzr.  -jT&ssrzrt  snf  vicyvsg  lessee 
'-X  -+  '/r\'>.r~  ^rjirs-jt  zzii  ~Tc~r=!Z  presszre;  the 


^4  V*  ^-.rv-^v-T*  fvr:*  recced  to  produce  a 

'  *  *  v*-  's*z<  '*L  rr.fjL  -I*:*s  it  — ert^i  r^^sarcrs.  Pro- 

M'tt;*4«n'  \  >Mt  ^*^rrt  *f.  E^tvtu^js  ani  Magsetisa,  p>  247-259 
/✓/K  K> .         A  r.  'A  these  tests  win  also  be  foand  in.  Electricity 

,u  '«*  +t,  \.      't'/yrr,irrA,  p.  346. 

2*  \a*  'A  <s/f'A>*  *tA  Ir.t^Xnc  Strength  of  Air,  III-  P.  W.  Peek, 
It  ,  A  \  't*At%„  mZt  Vol.  XXXII,  Part  II,  p.  1767. 

W   V,f\*uu,»%A*\  on  the  Electric  Discharge  with  the 

/  lUrfi'U  *A  'v,Jv#t  B*U*ry,    Phil.  Trans.  Royal  Society,  Part  It  1880, 

Ml  W,  l>.  Harm,  Phil.  Train.  Royal  Society,  1834,  p.  230. 


PLATE  XLIII. 
A.  I.  E.  E. 
VOL.  XXXVI,  1917 


Fig.  30  IricbI 


1917] 


RICE:  ELECTROSTATIC  PROBLEMS 


969 


duced  the  same  effect  whether  due  to  temperature  or  pressure, 
that  is,  when  air  is  contained  in  an  air-tight  receiver,  so  that  the 
density  remains  constant  the  potential  difference  between  two 
electrodes  required  to  produce  a  discharge  was  unaltered  when 
the  temperature  varied  from  50  deg.  fahr.  to  300  deg.  fahr. 

If  we  immersed  our  electrodes  in  oil  we  would  obtain  a  similarly 
shaped  curve  showing  the  relation  between,  the  disruptive 
gradient  and  spacing.  The  constants  in  the  equations  for  air 
and  oil  would  probably,  however,  be  different.  Again  if  we 
imagine  our  parallel  plane  eleotrodes  embedded  in  some  solid 
dielectric,  for  example  glass,  we  would  obtain  a  similarly  shaped 
curve.  For  very  great  and  very  small  spacings  it  is  quite  possible 
that  all  materials  have  the  same  apparent  strength. 

Now,  if  we  assume  that  our  dielectric  is  homogeneous  and 
isotropic  and  is  a  perfect  dielectric  in  every  respect  (no  conduc- 
tion, dielectric  losses,  etc.,)  the  equipotential  surfaces  for  equal 
differences  of  potential  would  be  equally  spaced  between  our 
parallel  planes.  If  we  desired  we  could  put  in  infinitely  thin 
conducting  sheets  at  any  desired  intervals  without  in  any  way 
changing  the  problem  from  a  purely  electrostatic  point  of  view. 
For  convenience  we  could  space  them  at  equal  intervals  so  that 
the  dielectric  between  any  two  adjacent  metal  equipotential 
surfaces  between  the  planes  was  subjected  to  the  same  potential 
gradient.  If  we  wished  we  could  also  metallically  connect  the 
inserted  metal  sheets  to  equal  intervals  on  a  balancing  resistance 
shunted  across  our  parallel  plane  electrodes,  that  is,  connect  the 
equipotential  surfaces  to  a  source  of  potential  having  the  value 
naturally  existing.  Obviously  nothing  has  been  changed  elec- 
trostatically by  any  of  these  processes  and  therefore  it  is  evident 
that  we  can  confine  our  attention  to  the  dielectric  included 
between  any  two  equipotential  surfaces,  and  if  we  now  raise  the 
potential  between  our  parallel  plane  electrodes  the  potential 
gradient  on  the  dielectric  between  the  two  equipotential  surfaces  1 
which  we  have  selected  to  watch  will  increase  until  finally  break- 
down will  occur  when  the  gradient  exceeds  a  certain  value  called 
the  strength  of  the  material.  It  is  observed  that  nothing  has 
been  said  about  the  actual  thickness  of  the  section  of  the  dielec- 
tric between  our  two  metal  equipotential  surfaces  under  observa- 
tion. In  other  words,  we  might  in  one  case  insert  a  great  number 
of  equipotential  surfaces  dividing  the  dielectric  into  exceedingly 
thin  layers  and  in  another  case  use  fewer  metallic  surfaces  and 
have  thicker  insulation  under  observation.  When  considering 
ideal  dielectrics  from  a  purely  electrostatic  point  of  view,  as  here 
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described,  I  think  that  it  is  clear  that  the  actual  thickness  of  the 
dielectric  should  have  no  influence  upon  the  breakdown  strength. 
For  it  should  not  make  any  difference  whether  we  inserted 
isolated  thin  metal  equipotential  surfaces  or  left  them  out,  or 
inserted  them  and  connected  them  to  a  proper  source  of  potential. 
Nothing  that  we  could  detect  from  a  purely  electrostatic  view 
point  has  been  changed.  It  is  also  interesting  to  observe  that  a 
uniform  leakage  current  should  not  affect  these  conclusions 
provided  the  heating  effects  were  taken  care  of,  since  the  equipo- 
tential surfaces  for  current  flow*  would  coincide  with  the  elec- 
trostatic equipotential  surfaces  and  no  potential  distortion  would 
result. 

The  fact  that  we  observe  a  difference 
in  the  apparent  strength  of  dielectrics 
with  different  thicknesses,  which  is 
contrary  to  the  above  electrostatic 
reasoning,  based  on  the  assumption  that 
the  metal  equipotential  surfaces  could 
be  inserted  without  changing  the  break- 
down strength,  makes  it  interesting  to 
determine  what  does  take  place  in 
practise  when  a  dielectric  is  divided  up 
in  this  manner.  Obviously  when  we  con- 
sider the  case  of  the  metallic  equi- 
potential surfaces  connected  to  the 
proper  sources  of  potential,  the  break- 
down strength  must  be  the  same  for  a  given  spacing  between 
the  surfaces  or  thickness  of  dielectric,  no  matter  how  many 
are  connected  in  series,  or  what  is  the  same  thing,  regard- 
less of  the  total  thickness  of  insulation  under  test,  for  each 
element  forms  a  separate  test  piece  isolated  between  the  two 
metal  surfaces  and  connected  to  a  definite  potential.  The  inter- 
esting thing  therefore  is  a  comparison  of  the  dielectric  strength 
of  a  given  thickness  of  insulation  with  and  without  isolated 
metallic  barriers  placed  at  various  spacings. 

I  am  sorry  that  the  experimental  results,  which  I  have  to 
offer,  are  so  crude  and  incomplete,  but  if  they  will  serve  the  pur- 
pose of  starting  some  one  on  a  more  complete  investigation  of 
this  subject  I  will  regard  them  as  having  served  a  good  purpose. 
I  believe  that  a  complete  investigation  of  this  subject  would 
lead  to  a  great  deal  better  understanding  of  the  true  mechanism 
breakdown  of  insulations,  or  the  theory  of  ionization  by 


Fig.  31 — Arrangement 
of  Pressboard  and 
Barriers 
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collision  which  of  course  offers  a  qualitative  explanation  of  the 
phenomena. 

Tests  to  Determine  the  Effect  op  Barriers  on  Solid  and 
Gaseous  Insulation  Under  Uniform-Field  Conditions 
The  first  set  of  tests  recorded  below  in  Table  I  were  made  on 
sheets  of  oiled  pressboard  1/16  in.  (0.16  cm.)  thick.  The  barriers 
and  pressboard  were  sealed  together  under  No.  6  transil  oil  and 
then  placed  between  the  parallel  plane  electrodes  as  shown  in 
Fig.  31,  the  whole  then  being  immersed  under  No.  6  transil  oil 
at  25  deg.  cent,  for  test. 

The  object  of  using  solid  metal  barriers  and  comparing  their 
effect  with  wire-gauze  barriers  was  to  see  whether  the  mean 
velocity  of  the  particles  or  ions  in  the  solid  dielectric,  which 
must  precede  rupture,  was  sufficiently  high*  to  allow  an  appre- 
ciable number,  to  pass  through  the  openings  in  the  gauze, 
whereas  they  should  all  be  stopped  by  a  metal  sheet.  Elec- 
trostatically the  gauze  should  not  be  essentially  different  from 
the  solid  metal  sheet. 

table  i 

Instantaneous  60-cycle  puncture  tests  in  No.  6  transil  oil  at  25  deg.  cent,  on  dried  1/16  in. 
oiled  pressboard.   The  average  of  5  readings  are  given.  A  maximum  variation  of  *  2  lev. 
existed  between  individual  raedings. 


No.  of  sheets 

60-cycle  puncture 

Average  gradient 

Number  of  isolated 

of  pressboard  each 

lev.  effective 

lev.  cff.  per  cm. 

barriers. 

0.16  cm.  thick 

1 

70.5 

445.0 

no  barriers 

2 

113.0 

355.0 

M  « 

3 

164.5 

345.0 

m  m 

2 

117.0 

368.0 

1  tin  barrier 

2 

124.0 

390.0 

Fine  copper  gause 

2 

121.0 

380.0 

Coarse  copper  gauze 

The  points  of  puncture  were  well  distributed  over  the  surface 
of  the  insulation  and  in  no  cases  occurred  at  the  edge  of  the 
barriers.  Contrary  to  the  expectation  the  gauze  barrier  seems 
to  be  more  effective  than  the  tin  barrier  but  the  tests  are  so 
fragmentary  that  conclusions  are  not  safely  drawn.  If,  we 
attempted  to  use  larger  thicknesses  arc-over  occurred  around  the 
edge  of  the  pressboard  before  puncture.  A  more  satisfactory 
method  of  test  was,  therefore,  sought.  The  method  decided  upon 
consisted  in  setting  up  a  series  of  parallel  plane  electrodes  as 
shown  in  Fig.  32,  the  sheet  insulation  being  placed  bqtween  the 
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several  electrodes  in  series.  Thus,  each  pair  of  electrodes  which 
are  connected  together  may  be  considered  as  a  barrier.  It  is  also 
possible,  under  these  conditions,  to  have  the  barriers  isolated  or 
connected  across  a  proper  balancing  resistance.  An  additional 
barrier  can  be  placed  midway  between  each  pair  of  electrodes 
without  fear  of  distorting  the  field. 


Fig.  32 

A  great  difficulty  with  this  method  is  the  unbalancing  of  stress 
which  the  capacity  or  electrostatic  flux  to  ground  of  the  various 
electrodes  will  introduce.  It  was  hoped  that  possibly  this  effect 
would  not  be  appreciable  when  using  fairly  high  inductive 
capacity  material  for  the  tests,  as  the  capacity  between  the 


electrodes  proper  would  then  be  large  in  comparison  with  that  to 
ground.  A  few  tests  made  with  one  end  of  the  series  grounded 
and  compared  with  the  case  in  which  the  electrodes  were  isolated, 
in  which  case  the  neutral  or  ground  potential  would  be  in  the 
~vMile  of  the  series,  sh :-^s  a  rather  large  effect  which  means  that 
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the  isolated  tests  are  subject  to  voltage  distortion  from  this  cause 
though  to  a  less  extent  than  when  one  end  was  grounded. 

Fig.  32  shows  the  arrangement  of  barriers  and  insulation  for 
four  and  eight  isolated  barriers  respectively.  When  it  was  desired 
to  metallically  connect  the  barriers  to  the  proper  potential,  water 
tube  resistances  were  used  of  such  a  value  as  to  allow  7  to  10 
times  the  capacity  current  to  flow  (see  Fig.  33).  The  maximum 
variation  of  the  individual  resistance  tubes  was  about  2  per  cent. 
The  apparatus  was  placed  at  about  42  in.  above  the  floor  of  the 
room  and  the  gap  line  parallel  to  the  ground.  The  tests  were 
made  in  No.  6  transil  oil  (40  kv.  flat  electrodes  0.2  in.  (0.51  cm.) 
gap,  0.5  in.  (1.27  cm.)  diameter)  at  25  deg.  cent. 

The  insulation  used  was  12-mil  black  varnished  cambric  the 
individual  sheets  being  sealed  to  each  other  under  oil.  When  the 
balancing  or  shunted  resistance  was  connected  the  voltage 
readings  were  corrected  for  the  drop  in  the  protecting  resistances. 
The  results  are  tabulated  in  Table  II. 

TABLE  II 

Instantaneous  60-cyclc  tests  on  12- jail  black  varnished  cambric  immersed  in  No.  6  transil 
oil  at  25  deg.  cent.   Terminals  4  in.  plane  with  2  in.  radius  at  edge.   Individual  readings 

differed  by  *  1  kv. 
Variation  of  Insulation  Strength  with  thickness  or  number  of  layers. 
Average  of  five  readings 
Using  one  pair  of  planes 


No.  of  sheets 

Total  thickness 

60-cycle  kv. 

Kv.  per  cm. 

insulation  cm. 

effective 

effective 

1 

0.031 

16.5 

540.0 

2 

0.061 

29.7 

480.0 

4 

0.122 

51.5 

422.0 

8 

0.244 

92.5 

378.0 

16 

0.488 

138.3 

284.0 

Data  repeated  using  four  pair  of  planes  connected  in  parallel  to  obtain  the  effective 
strength  when  larger  areas  are  used  and  therefore  greater  chances  for  weak  spots. 

Average  of  two  readings. 


1 

0.031 

14.7 

482.0 

2 

0.061 

28.5 

451.0 

4 

0.122 

51.3 

421.0 

8 

0.244 

91.7 

376.0 

16 

0.488 

136.5 

280.0 

r  • 


2 

■  .,  *  ✓  ./ 

\ 

}t  '/vr*t%  it.  , 


I 


In  order  to  obtain  an  estimate  of  the  unbalancing  due  to  the 
capacity  of  the  parallel  planes  to  ground  in  this  method  of  deter- 
mining the  effect  of  barriers  on  the  strength  of  insulation  the 
following  tests  were  carried  out  using  air  as  the  dielectric.  Two 
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sets  of  tests  were  tried,  the  first  using  J^-in.  (1.27  cm.)  spacing 
between  the  individual  planesandfor  thesecond  a  J4-in.  (0.635  cm.) 
gap  was  used.  The  gaps  between  the  individual  pairs  of  planes 
were  set  as  accurately  as  feasible  and  individual  spark-over  read- 
ings taken  non-grounded  and  with  one  end  grounded.  The  gaps 
were  then  all  connected  in  multiple  to  check  the  strength  of  this 
combination  as  compared  with  the  weakest  gap.  After  doing 
this  they  were  connected  in  series  and  arc-over  taken  both 
grounded  and  isolated  with  and  without  shunted  balancing 
resistance.  A  summary  of  the  data  is  given  in  Table  III. 

From  other  sources  we  know  that  the  strength  of  air  for  large 
spacings  (i.  e.,  2  in.  or  5.1  cm.)  between  parallel  planes  is  about 
21  kv.  eff.  per  cm.  Whereas  these  data  show  an  average  of  18.1 
kv.  eff.  per  cm.  when  the  tests  were  made  non-grounded  and  14.2 
kv.  eff.  per  cm.  for  the  grounded  case.  That  is,  when  using  air 
as  our  dielectric  with  this  arrangement  we  have  an  increase  in 
18  1 

stress  of  1  — ^j1-  =  14  per  cent  brought  about  by  unbalance  of 

voltage  due  to  capacity  to  ground,  etc.   When  operating  with 

14  2 

one  side  grounded  we  have  1  gj-  =  32  per  cent  or  approxi- 
mately twice  the  ill  effect. 

This  immediately  gives  us  a  rough  method  of  correcting  the 
previous  tests  for  this  unbalancing  effect  where  no  balancing 
resistance  was  used.  We  may  write  the  following  from  the  data 
given  in  the  table  for  isolated  barriers. 

438 

1   =  per  cent  apparent  decrease  in  strength  of  insulation 

x  assumed  due  to  capacity  to  ground  for  the  non- 
grounded  tests. 

355 

1   =  per  cent  apparent  decrease  in  strength  of  insulation 

x  for  grounded  tests. 

Where 

x  =  assumed  true  strength  of  the  material. 

If  we  further  assume  that  the  apparent  decrease  for  the  grounded 
tests  is  twice  the  decrease  for  the  non-grounded  tests  as  shown  to 
be  approximately  the  case  in  air,  we  can  write 

K'-4")-('-f) 

x  =  521  assumed  true  strength  of  the  material. 
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The  strength  as  indicated  from  the  tests  was  438  kv.  effective  per 
cm.  or  only  84  per  cent  of  the  value  obtained  after  applying  this 
rough  method  of  correction.  I  have  also  applied  the  same  correc- 
tion factor  to  the  rest  of  the  values  in  this  part  of  the  table.  We 
might  consider  the  corrected  column  as  an  upper  limit  and  the 
data  as  observed  from  test  as  a  lower  limit  to  the  true  value.  In 
that  case  the  average  of  these  two  columns  would  give  another 
estimate  of  the  strength  as  affected  by  barriers. 

When  considering  the  tests  using  air  dielectric  in  which  bal- 
ancing resistances  were  used,  we  see  that  the  stress  due  to  capacity 
to  ground  is  practically  eliminated.  It  should  also  be  noted 
from  these  tests  that  there  is  no  appreciable  increase  in  stress 
analogous  to  that  which  has  been  discussed  for  the  case  of 
two  spheres  in  space  where  it  was  seen  that  even  though 
there  is  no  potential  unbalance  between  the  spheres,  there  is 
nevertheless  considerable  increase  in  stress  when  one  sphere  is  at 
zero  potential  and  the  other  at  a  given  high  potential,  over  the 
case  in  which  they  are  both  isolated  and  have  the  same  difference 
of  potential  between  them. 

Therefore,  it  would  seem  that  the  best  method  of  estimating 
the  true  strength  of  the  insulation  when  balancing  resistances 
are  used  is  to  average  directly  the  non-grounded  tests  with  the 
grounded  tests.  The  data  obtained  are  not  sufficiently  exten- 
sive to  enable  us  to  see  whether  there  is  a  real  difference  between 
these  two  cases  or  not. 


TABLE  IV 
Average  op  Data 


Thickness 
of  insulation 
No  barriers, 
cm. 

Thickness 
of  insulation 
between  barriers, 
cm. 

Average  strength 
of  material 
No  barriers. 
Kv.  eff./cm. 

Strength  of 
material  with 
barriers  average 
isolated  and  shunted 
kv.  eff./cm. 

0.031 

0.031 

511 

467 

0.061 

0.061 

466 

464 

0.122  - 

0.122 

422 

386 

In  conclusion  it  appears  probable  from  a  theoretical  point  of 
view  that  the  strength  of  insulation  under  uniform-field  condi- 
tions is  the  same  whether  the  barriers  are  isolated  or  connected 


^>^nf^.y  "Liit  pricier  socraes  □c  prftenziaL  £nd  also  thai  the 
■B^eii^±  ttktc'jt  Sepeads  xcmr  the  think  urs*  cc  lie  materia] 
bsrraex  the  bajijgs.  The  &TTrape&.  25  rrver  —  the  aborc 
^lut  at  n:n  wHrrzzr:  the  ib:*re  :?:rinhisi:css_  bn  1  sm  Tnr^iiwl 
tt-  behevt  ihst  tht  zisErsoenrj  is  5ae  t:  insni5:aent  data  and 
cr.rf  n  tbe  method  I  bz^ie.  therefore,  that  *nnuxr,w  will 
Vkjat  ~  the  s^fi-Ter:  and  mLie  &  czcerzl  smdy  cc  this  irnporsant 
the/^retaisJ         als:>  practical  prciruent. 

Another  irteresrmr  ijaesraic:  wn-jf  be  i:»  deserrrrne  the 
Vrr?r  vahae  cc  the  ejerrrctsLatar  iha:  density  which  would 
result  ~  excessrre  hear^g.  and  therefore,  breakdonrn  irrespeo- 
trve  cc  the  so-caIk?d  ~':rnscatrLaneOTs  strength"*  dc  tbe  aiuouie. 
The  erect  of  meial  barriers  in  distributing  the  bcsrrtg,  eddy- 
c^jcn  josses  in  the  metal  barriers  dae  t:*  ejertroesajrnetic  3ux 
a*x*2=x^ymg  tbe  chargir-g  current,  etc^  w:?cjd  aiso  be  of  in- 
terest- 

GiKEXAi  D:=»:  vss:  :x  cf  the  Pa:  bi  ?n  or  Hj gb- Voltage- 
Bvshixg  Desigx 

So  far  we  have  CTnadered  the  prrojem  cc  high-vohage-lMshing 
desgn  mairJy  from  an  ideal  and  purely  ejectrostatic  point  of 
view,  that  is.  Te  have  greatly  shrrzhhad  the  rrobien:  by  assnm- 
ing  idea!  or  perfect  dielectrics  and  a  constant  or  static  condi- 
tion of  the  ecr-iipotential  serf  aces.  These  conditions  do  not 
however.  actuary  exist  in  practise,  and  therefore,  the  effects 
brought  about  by  rain,  dirt.  sn:»w,  sleep  wave  front  impulses 
mtist  be  considered  in  a  complete  theory  of  tbe  correct  and 
most  efJcient  desiim- 

For  example,  under  rain  conditions  the  ecuipotential  surfaces 
are  in  a  general  constantly  charging:  and  will  be  dinerent  from 
thie  dry  condition.  There  is  probably  also  a  certain  space  or 
volume  charge  erect  due  to  the  rain  drops  becoming  charged 
from  contact  with  the  high  pDtential  electrodes  and  then  fall- 
in*;  in  the  rainity  of  the  bushing  to  the  grounded  electrode. 
Furthermore,  a  considerable  change  in  the  electrostatic  field 
may  be  brought  about  by  an  effective  increase  in  tbe  permit- 
tivity of  the  air  part  of  the  dielectric  due  to  tbe  presence  of 
small  rain  drops-  The  problem  is  further  complicated  by  the 
presence  of  conduction  over  wet  or  dirty  surfaces  with  the 
consequent  change  in  the  potential  distribution  as  well  as  the 
possibility  of  an  arc-over  resulting  from  wbat  might  be  called 
fuse  action,  that  is.  the  conducting  material  may  become  over- 
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heated  by  conduction  and  blow  like  a  fuse  and  thus  precipitate 
an  arc-over  along  the  path  of  the  hot  gases. 

There  are  a  great  many  other  disturbing  factors  and  possi- 
bilities which  have  not  been  mentioned,  but  I  believe  that  the 
above  are  sufficient  to  show  the  multitude  of  factors  over  which 
the  designer  can  have  no  control  and  which,  therefore,  must  be  in- 
cluded in  the  theoretically  correct  and  most  efficient  bushing 
design. 

We  have  already  observed  the  large  surface  effect  which 
exists  even  with  relatively  clean  dry  surfaces,  also  the  change 
in  the  dielectric  strength  of  materials  when  subdivided  into 
thin  layers  by  metal  barriers  and  probably,  to  some  extent, 
merely  by  laminating  the  material. 

It  might  appear  from  what  has  been  said  about  the  complexity 
of  the  problem  that  it  is  beyond  the  power  of  analysis  to  try  to 
obtain  a  complete  theory  of  bushing  design.  Strictly  speaking, 
I  believe  that  this  is  the  case,  nevertheless,  I  believe  that  the 
incomplete  theory  which  we  have  is  of  great  value  in  determin- 
ing the  proper  lines  along  which  to  experiment. 

We  will  now  briefly  describe  the  construction  and  tests  on 
a  series  of  small  experimental  bushings  which  were  built  for  the 
purpose  of  determing  the  rain  and  dry  characteristics  of  va- 
rious types. 

The  object'  was  to  determine  the  general  type  of  bushing 
which  would  best  meet  the  following  conditions. 

I.  Rain  and  dry  arc-over  should  have  as  nearly  as  possible 
the  same  value. 

II.  The  arc-over  of  the  under-oil  end  should  be  consider- 
ably above  either  the  rain  or  dry-air  end  arc-over. 

III.  Puncture  should  occur  considerably  above  the  under- 
oil  arc-over. 

IV.  The  impulse  safety  factor  or  ratio  should  be  as  high  as 
.possible,  both  under  wet  and  dry  conditions  and  application 
of  a  large  number  of  impulses  should  not  result  in  puncture. 

The  materials  used  in  the  construction  of  these  bushings  were 
selected  from  the  point  of  view  of  ease  of  construction  and  al- 
terations. The  caps  used  on  the  air  and  oil  ends  were  turned 
up  of  wood  and  metal  covered  by  the  Schoop  metal  spraying 
process.  After  completing  the  tests  with  a  certain  shape  of 
cap  it  could  be  put  in  a  lathe  and  altered  in  the  desired  manner 
and  then  re-metallized.  Hard  rubber  was  selected  as  the  mate- 
rial for  the  core  since  it  can  be  readily  machined  to  any  desired 
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fosrr. :  for  example,  the  necessary  proccctaxr  ot  the  edges  oc  the 
ZT'sirA  shield  was  easily  occurred  see  Peg.  34  .  This  — atpriai 
also  has  other  desrrah-e  qualities  srach  as  bjoogeoeirr.  high 
dietectHc  strength,  small  surface  e£ect. 

A  single  glass  tube  was  used  for  the  cortaf-— g  sbe£  in  order  to 
eliminate  the  diSeulzy  of  making  oC  tight  joints.  The ody  jotnis 
being  that  at  the  lower  cap  which  was  satfaactorlLy  sealed  with 
ceresine,  A  glass  seal  -was  provided  by  -which  contaecdoa  was 
easily  made  between  the  ground  shield  and  the  tin  disk  wiach 


Fig.  34  Fig.  35 


represents  the  transformer  tank  cover.  For  convenience,  a 
transparent  Russian  mineral  oil  was  used  as  filler.  During 
tests  the  under-oil  end  was  placed  in  a  5-gallon  tin  can  filled 
with  oil,  having  dimensions  9  in.  by  9  in.  by  14  in.  high.  All 
tests  were  made  at  60  cycles  and  with  the  tin  can  and  tin 
disk  connected  together  and  grounded. 

Determinaioin  of  Puncture  and  Under -OiL  Arc-Over 
This  series  of  tests  were  made  to  determine  the  under-oil 
and  puncture  characteristics  of  the  bushings. 
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Bushing  No.  1.  A  bushing  was  built  up  as  shown  to  scale 
in  Fig.  34.  The  joints  between  the  glass  containing  cylin- 
der and  the  metal  caps  were  shielded  by  the  grooves  as 
shown.  The  joint  between  the  hard-rubber  core  and  cap  on  the 
under-oil  end  was  likewise  protected.  The  electrostatic  field  of 
the  under-oil  end  is  practically  of  the  uniform-field  type  (Fig.  14), 
the  desirability  of  which  has  been  pointed  out.  The  air  end  is 
essentially  the  radial-field  type. 

In  test  this  bushing  punctured  at  65  kv.  effective  at  the  point 
shown  in  Fig.  34.  After  sawing  the  core  open  longitudinally, 
inspection  showed  that  the  hole  had  not  been  smoothly  drilled 
which  may  have  accounted  for  the  puncture,  as  the  space  thus 
left  between  the  rod  and  core  may  not  have  been  properly  filled 
with  oil. 

Bushing  No.  2.  (See  Fig.  35).  The  core  was  increased  to  1J^ 
in.  (3.8  cm.)  external  diameter  so  as  to  insure  a  safe  margin 
against  puncture.  As  an  additional  precaution  a  brass  tube 
closed  at  the  bottom  end  and  having  small  holes  drilled  radially 
at  intervals  inside  the  core  was  used  in  place  of  the  brass  rod  used 
in  Bushing  No.  1.  The  object  being  to  enable  oil  poured  in  at 
the  top  of  the  tube  to  fill  up  any  irregularities  resulting  from 
imperfect  fit  between  the  core  and  central  rod. 

In  test  this  bushing  arced  over  along  the  surface  of  the  hard 
rubber  and  jumped  to  the  inner  guard  ring  on  the  cap  at  94  kv. 
effective.  Small  chips  were  taken  out  of  the  rubber  at  the  point 
shown  in  Fig.  No.  35,  apparently  where  the  surface  arc  turned 
to  jump  to  the  guard  ring. 

Bushing  No.  2-A.  Bushing  No.  2  was  disassembled  and  the 
inner  guard  ring  cut  down  to  the  shape  shown  by  the  dotted  lines 
in  Fig.  35.  In  assembly  the  core  was  inverted  putting  the 
damaged  part  toward  the  air  end  of  the  bushing,  bringing  the 
new  end  under  test. 

Arc-over  occurred  over  the  surface  of  the  hard  rubber  core  on 
the  under-oil  end  without  pitting  the  surface  at  93.5  kv.  effective. 
The  voltage  was  then  brought  up  again  and  arc-over  occurred 
over  the  surface  of  the  hard-rubber  core  on  the  air  end  to  the 
previously  damaged  spots  and  there  punctured  to  the  rod  at  82.5 
kv. 

Bushing  No.  3.  (See  Fig.  36).  The  hard-rubber  core,  which 
had  been  damaged  by  the  previous  tests,  was  turned  down  to 
the  form  shown  in  Fig.  36,  thereby  removing  the  damaged 
material.    The  under-oil  end  cap  was  also  altered  to  a  form 

I 


RICE:  ELECT  R-  STATIC  PROBLEMS 


JXov.  9 


approxin32tu£y  as  showr.  Practical:}-  the  on]y  electrostatic 
change  made  by  this  alteration  was  to  somewhat  reduce  the 
ffrv>lritng  effect  of  the  cap  on  the  hard-rubber  core.  The  air  end 
was  also  materially  shortened- 

This  bushing  arced-over  the  air  end  at  81  kv.  Upon  bringing 
up  the  voltage  a  second  time  arc-over  occurred  over  the  surface 
of  the  hard-rubber  core  on  the  under-ofl  end  without  damaging 
the  core  at  86.5  kv.  efTective. 


Fic.  36  Fig.  37 


Determination  of  the   Air-End  Characteristics 
Having  secured  a  fairly  efficient  and  satisfactory  under-oil  end 

the  work  was  then  directed  towards  a  study  of  the  rain  and  dry 

characteristics  of  various  air-end  combinations. 

Further  Tests  on  Bushing  No.  3.   (See  Fig.  36.)Temp.  24  deg. 

cent.  Barometer  76  cm.   Humidity  57  per  cent. 

Bushing  Dry 

Corona  visible  air  end  near  ground  shield   41  kv. 

Corona  visible  on  cap  of  air  end   59  kv. 

Bushing  outlined  air  end   87  kv. 

Arc-over  was  not  taken. 
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Rain  about  0.2  in.  per  minute  at  45  deg. 

Corona  starts  top  and  bottom   10  kv. 

First  streamers   16  kv. 

Whole  tube  outlined   20  kv. 

Arc-over   52  kv. 


This  bushing  is  obviously  unsatisfactory  because  of  the  low 
corona  starting  points  both  wet  and  dry  and  the  very  low  rain 
arc-over. 

Bushing  No.  4.  (See  Fig.  37).  This  bushing  was  similar  to  No. 
3  except  that  the  mstal  cap  at  the  top  was  replaced  by  a  rubber 
stopper  covered  with  paraffine.  The  object  being  to  make  the 
field  on  the  air  end  as  nearly  radial  as  possible. 

Summary  of  Tests  on  Bushing  No.  4 
Temp.  23.5  deg.  cent.  Barometer  76  cm.  Hum.  50  per  cent. 


Bushing  Dry 

Corona  starts  near  ground  shield   35  kv. 

Corona  at  top  and  bottom   60  kv. 

Voltage  raised  without  arc-over  to   85  kv. 

Rain  Test  about  0.2  in.  per  minute  45  deg. 

Corona  starts  top  and  bottom   15  kv. 

Tube  outlined   17  kv. 

Vicious  streamers  over  surface   34  kv. 

Arc-over   57  kv. 

Arc-over  (paraffine  removed)  v  .  55  kv. 


This  bushing  is  unsatisfactory  for  the  same  reasons  as  stated 
for  No.  3. 

Bushing  No.  5.  (See  Fig.  38).  This  bushing  was  exactly 
similar  to  No.  4  except  that  the  internal  brass  shield  was  added 
as  shown  in  Fig.  38.  The  object  of  adding  this  element  was  to 
somewhat  relieve  the  stress  on  the  rubber  stopper  and  paraffine 
and  to  throw  it  away  from  the  rod  at  the  top  of  the  bushing. 

Summary  of  Tests  on  Bushing  No.  5 
Temp.  23  5  deg.  cent.  Barometer  76  cm.  Hum.  50  per  cent 


Bushing  Dry 

Corona  starts  at  ground  shield   32  kv. 

Corona  top  and  bottom   68  kv. 

Voltage  raised  without  arc-over  to   80  kv. 

Rain  Test  about  0.2  in  per  minute  45  deg. 

Corona  starts  top  and  bottom   18  kv. 

Arc-over   42  kv. 


This  bushing  is  obviously  unsatisfactory. 
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Bushing  No.  6.  (See  Fig.  39).  This  bushing  was  constructed 
as  shown  in  Fig.  39.  The  air  end  was  shortened  and  the  glass 
tube  drawn  down  so  as  to  get  rid  of  the  rubber  stopper  and 
paraffine,  which  gave  trouble  in  the  previous  two  bushings  by 
carbonization  and  burning.  The  internal  shield  shown  was  used 
for  the  same  reasons  as  in  Bushing  No.  5. 

Summary  of  Tests  on  Bushing  No.  6. 

Bushing  Dry 

Corona  starts  at  ground  shield  and  extends  up  the 


surface  of  glass  tube   50  kv. 

Corona  appears  opposite  guard  ring  on  the  air  end ...  77  kv. 

Arc-over   79  kv.- 

Rain  Test  about  0.2  in.  per  minute  45  deg. 

Corona  starts  at  top  near  tin  foil   5  kv. 

Corona  streamers  run  out  from  tin  foil  over  the  glass 

surface   10  kv. 

Bushing  outlined   12  kv. 

Arc-over     36  kv. 


Bushing  No.  Q-A .  A  metal  cone  similar  to  that  shown  in  Fig. 
41  was  slipped  over  the  top  of  bushing  No.  6  and  the  following 


results  obtained. 
Bushing  Dry 

Corona  on  surface  of  glass  opposite  guard  ring   30  kv. 

Bushing  outlined   60  kv. 

Arc-over   78  kv. 

Rain  Tests  approximately  0.2  in.  per  minute  45  deg. 

Corona  starts  at  edge  of  metal  cone   14  kv. 

Bushing  outlined   20  kv. 

Arc-over   29  kv. 


These  bushings  No.  6  and  No.  6-A,  are  seen  to  be  unsatisfac- 
tory from  the  point  of  view  of  corona  starting  point  and  wet 
arc-over. 

Bushing  No.  7.  (See  Fig.  40).  The  previous  tests  showed  the 
necessity  of  breaking  up  the  flow  of  water  which  adheres  to  the 
smooth  glass  surface  and  thereby  produces  great  field  distortion, 
or  a  sort  of  short  circuit,  or  conducting  sheet  over  the  bushing. 
In  order  to  accomplish  this  result  the  usual  method  of  adding 
petticoats  was  resorted  to.  These  were  made  by  belling  out 
glass  tubing  as  will  be  seen  from  the  figures.  The  petticoats  were 
then  slipped  over  the  glass  shell  and  the  intervening  space  filled 
in  with  ceresine.  In  other  respects,  the  bushing  was  exactly 
similar  * 
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From  an  electrostatic  point  of  view,  it  will  be  observed  that  in 
the  radial-field  type  of  bushing  the  corrugations  approximately 
coincide  with  the  direction  of  the  flux  lines.  Therefore,  the 
potential  gradient  is  along  the  surface  of  the  corrugations  and 
will  tend  to  break  down  any  surface  layer  of  dust  or  dirt.  For 
this  reason  it  would  appear  that  their  effectiveness  is  somewhat 
limited.  We  may  further  observe  from  Fig.  9  that  when  dry  the 
presence  of  the  corrugations  will  not  appreciably  affect  the  field 
distribution  in  this  type  of  bushing,  except  those  which  are  close 
to  the  tank.    In  this  latter  case  they  are  seen  to  introduce  an 


Fig.  38  Fig.  39 

appreciable  percentage  of  high  inductive  capacity  material  in 
series  with  the  air.  Therefore,  if  petticoats  of  this  kind  are  used 
it  may  be  best  not  to  extend  them  too  near  the  tank. 

In  the  uniform-field  type  of  bushing  it  will  be  observed  that 
the  petticoats  introduce  high  inductive  capacity  material  in 
series  with  the  air  (except  in  case  of  a  vacuum  bushing).  This 
means  that  when  dry  the  stress  on  the  air  will  be  increased  by 
their  addition.  The  surfaces  of  the  corrugations  will  lie  prac- 
tically along  the  equipotential  surfaces;  hence,  an  accumulation 
of  dust,  water,  etc.,  would  not  result  in  so  great  a  field  distortion. 
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Summary  of  Tests  on  Bushing  No.  7. 
Humidity  60  per  cent.   Barometer  76  cm.   Temp.  24  deg.  cent. 


Bushing  Dry 

Corona  on  tin-foil  at  top  of  bushing   24  kv. 

Corona  near  ground  shield   38  kv. 

^Bushing  outlined   60  kv. 

Streamers  over  the  entire  surface  of  glass   70  kv. 

Rain  Tests  approximately  0.2  in.  per  minute  45  deg. 

Corona  on  tin-foil  at  top   26  kv. 

Corona  on  edge  of  upper  petticoat   34  kv. 


Fig.  40  Fig.  41 


Corona  near  ground  shield   50  kv. 

Corona  streamers  over  surface   70  kv. 

Arc-over   75  kv. 

It  will  be  observed  that  the  addition  of  the  petticoats  has 
greatly  improved  the  wet  arc-over  of  the  bushing. 

Bushing  No.  8.  (See  Fig.  41  and  Fig.  42).  This  bushing  is 
identical  to  No.  7  except  that  the  spun  copper  cone  was  added  in 
order  to  act  as  rain  shed  and  thereby  eliminate  the  formation  of 
streamers  which  went  out  over  the  top  surface  of  the  glass  in  the 
previous  bushing  No.  7. 
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Summary  of  Tests  on  Bushing  No.  8. 
Humidity  60  per  cent.   Barometer  76  cm.   Temp.  24  deg.  cent. 
Dry  Tests 

Corona  near  ground  shield   46  kv. 

Arc-over  ... . .  69  kv. 

Rain  Test  approximately  0.2  in.  per  minute  at  45  deg. 

Corona  on  edge  of  cone  and  near  ground  shield   36  kv. 

Bushing  outlined   43  kv. 

Arc-over   69  kv. 


This  bushing  is  seen  to  be  quite  satisfactory  from  the  point  of 
view  of  wet  and  dry  arc. 

Bushing  No.  9.  (See  Figs.  43  and  44).  For  this  bushing  a  new 
core  and  caps  were  turned  up  as  shown  in  Fig.  43;  also  an  idea 
of  the  appearance  can  be  obtained  from  Fig.  44  which  is  of  a 
similar  bushing.  The  air  and  oil  ends  were  made  identical  except 
for  the  addition  of  petticoats  to  the  air  end.  The  method  of 
assembly  of  the  petticoats  previously  used  namely  to  fill  the 
space  between  the  petticoats  and  glass  shell  with  ceresine  was 
given  up.  Instead  the  individual  petticoats  were  cemented 
together  with  a  sealing  wax  composition.  The  resulting  petticoat 
shell  was  slipped  over  the  inner  containing  glass  cylinder  and  the 
space  filled  with  a  viscous  compound.  This  made  a  more  satis- 
factory scheme  for  assembly  and  disassembly. 

Summary  of  Tests  on  Bushing  No.  9 
Temp.  24  deg.  cent.   Barometer  76  cm.   Humidity  60  per  cent. 


60-cycle  Tests 

Bushing  Dry 

Corona  on  edge  of  upper  cap   51  =fc  2  kv. 

Arc-over   59  =fc  2  kv. 

Rain  Test  approximately  0.2  in.  per  minute  45  deg. 

Corona  on  edge  of  upper  cap   24  =fc  2  kv. 

Bushing  outlined   42  =fc  4  kv. 

Arc-over  (clear  of  surface)   48  db  5  kv. 


dry  arc-over 

Impulse  Tests 
200-kilocycle  "B"  wave 

Bushing  Dry 

Arc-over  (1  out  of  10  impulses)   99  kv.  eff . 

Arc-over  (5  "     "  "        "    )   103  kv.  eff. 
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Rain  Test  0.2  in.  per  minute  45  deg. 

Arc-over  (1  out  of  10  impulses)   93  kv.  eff. 

Arc-over  (5  "     "  "        "    )  95.3  kv.  eff. 

Impulse  ratio  or  safety  factor 

Dry  =  1  =  1-68 


QO 

Rain  =  ^  =  1.93 


Fig.  43 


Fig.  45 


Bushing  No.  10.  (See  Figs.  45  and  46) .  This  bushing  was  iden- 
tical to  No.  9  except  that  the  hard-rubber  core  was  moved  down 
to  the  position  shown  in  Fig.  45,  thereby  changing  the  type  of 
field  used  on  the  upper  part  of  the  air  end  from  the  parallel  field 
type  to  a  more  radial  type.  This  bushing  is  shown  in  the  photo- 
graph Fig.  46. 

Summary  of  Tests  on  Bushing  No.  10 
60-cycle  Tests 

Bushing  Dry 

Corona  on  edge  of  upper  cap   54  ±  4  kv. 

Arc-over  (clear  of  surface)   64  =fc  1  kv. 
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Rain  Test  approximately  0.2  in.  per  minute  45  deg. 

Bushing  outlined   40  =fc  3  kv. 

Arc-over  (clear  of  surface)   46  =fc  2  kv. 

wet  arc-over     n  70 
dry  arc-over 

Impulse  Tests 
200-kilocycle  "B"  Wave 

Bushing  Dry 

Arc-over  (1  out  of  10  impulses)   Ill     kv.  eff. 

Arc-over  (5  "     "  "        "    )   114    kv.  eff. 

Bushing  Rain  approximately  0.2  in.  per  minute  at  45  deg. 

Arc-over  (1  out  of  10  impulses)   104    kv.  eff. 

Arc-over  (5  "     "  "        "    )  107 . 5  kv.  eff. 

Impulse  ratio  or  safety  factor 
Dry 


Rain  =  -rr  =  2.26 
46 

Of  this  series  of  bushings  it  appears  that  the  general  form 
shown  in  Figs.  43  to  46  best  fulfills  the  various  requirements 
which  an  all  around  bushing  has  to  meet. 
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APPENDIX 

Mathematical  Solution  of  Two  Electrostatic  Problems 

It  is  not  in  general  possible,  by  known  mathematical  methods, 
to  obtain  the  solution  of  Laplace's  equation  so  as  to  fulfil  ar- 
bitrarily given  boundary  conditions.11  If,  however,  we  take  the 
simplest  conceivable  electrode  arrangement  which  would  form 
the  skeleton  of  a  bushing,  we  can  obtain  a  mathematical  solution 
for  this  case.  The  most  simple  electrode  arrangement  will  be 
seen  to  be  a  fine  wire  passing  perpendicularly  through  a  hole  in 
an  infinite  plane.  The  mathematical  formulation  of  these 
skeleton  electrodes  can  be  obtained.  Thus,  for  instance,  we  can 
formulate  the  equation  of  an  infinite  plane  with  a  hole  in  its 
centre  as  the  focal  or  limiting  hyperboloid  of  revolution  of  one 
sheet.  The  edge  of  the  hole  will  be  at  the  focus  of  the  hyper- 
boloid. We  can  now  formulate  the  equation  of  a  fine  wire 
passing  perpendicularly  through  the  centre  of  the  hole  in  our 
plane.  It  will  be  represented  by  the  other  limiting  confocal 
hyperboloid,  that  is,  the  one  which  degenerates  into  the  axis  of 
revolution  of  the  confocal  family.  You  will  readily  see  that  we 
have  thus  reduced  the  problem  to  finding  the  distribution  of  the 
electrostatic  field  between  two  confocal  surfaces  of  the  same  fam- 
ily maintained  at  given  potentials.  In  this  case  the  equipoten- 
tial  surfaces  will  be  hyperboloids  of  revolution. 

We  have  thus  reduced  our  problem  to  a  form  which  can  be 
treated  quite  simply  mathematically  and  for  which  the  form  of 
the  solution  is  known.**  Here  Maxwell  states  that  the  equipo- 
tential  surfaces  will  be  confocal  hyperboloids  of  one  sheet  and 
the  surfaces  of  flow  will  be  the  confocal  oblate  spheroids. 

The  simplicity  of  the  mathematical  solution  rests  upon  a  wise 
selection  of  the  coordinates  as  it  does  in  many  other  problems 
of  this  type.  For  example,  in  dealing  with  cylindrical  distri- 
butions we  would  employ  cylindrical  co-ordinates;  in  spherical 
distributions  we  would  use  spherical  co-ordinates. 

In  this  case  where  we  have  to  deal  with  surfaces  formed 
by  the  revolution  of  hyperbolas  about  their  conjugate  axis 
thus  forming  hyperboloids  of  one  sheet;  a  system  of  cur- 

31.  An  extremely  interesting  discussion  of  this  subject  will  be  found 
in    Maxwell's  Electricity  and  Magnetism,  Vol.  I  Chap.  VII,  page  175. 

32.  See — Maxwell's  Electricity  and  Magnetism,  Vol.  I,  page  235. 
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vilinear  co-ordinates  of  a  proper  form  are  made  use  of.  Since 
most  engineers  are  not  very  familiar  with  their  meaning  and  use 
I  have  started  from  the  beginning  and  gone  through  the  develop- 
ment of  the  system  of  curvilinear  co-ordinates  which  are  used  in 
solving  our  problem.  This  makes  the  work  appear  rather  long 
and  clumsy,  but  will,  I  believe,  make  the  whole  subject  quite 
simple  and  clear,  and  is  therefore  justified.  Assuming  a  famil- 
iarity with  the  system  of  co-ordinates,  the  solution  is  exceed- 
ingly simple,  in  fact  it  is  practically  as  simple  as  the  familiar 
solution  for  parallel  wires  at  large  spacing  where  the  diameter 
of  the  wires  is  neglected. 

Curvilinear  Co-ordinates;  Conicoids  or  Quadric  Surfaces 
A  surface  whose  equation  is  of  the  second  degree  in  xf  y  and 

2,  is  called  a  quadric  surface  or  conicoid.    The  sphere  is  a  special 

case  of  such  a  surface. 

It  is  possible,  by  a  suitable  transformation  of  co-ordinates,  to 

reduce  the  general  equation  of  the  second  degree  in  .r,  y,  and  z9 

namely ; 

Ax2  +  By*  +  Cz2  +  2  Dyz  +  2  Ezx  +  2  Fxy. 

+  2Gx  +  2Hy  +  2  Iz  +  K  =  0  (1) 

to  the  following  form  in  which  the  terms  yz,  zx  and  xy  are  all 
absent.  That  is,  the  equation  can  be  put  into  the  following 
simpler  form; 

A 'x*  +  Bfy2  +  Cz2  +  2G'x  +  2H'y  +  2  I'z  +  K'  =  0  (2) 

If  in  this  equation  the  constants  A  \  B\  C  are  all  finite,  we 
can  further  simplify  it  by  making  a  change  in  the  origin  of 
co-ordinates  aftd  obtain  an  equation  which  when  referred  to  its 
new  axis  is  of  the  form 

Afx2  +  B'y*  +  Cz2  =  D'  (3) 

The  locus  of  this  equation  is  evidently  symmetrical  with 
respect  to  each  of  the  co-ordinate  planes,  and  hence  with  respect 
to  the  origin.  Such  surfaces  are  therefore  called  central  quadric 
surfaces. 

We  may  now  divide  equation  (3)  through  by  D'  and  obtain 


x2        v2  z2 
—  l  JL  1 — _  =1 

D,  T  D,  T  D, 

A'      W  ~C 


(4) 
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If  in  (4)  we  substitute 

D'  D  D' 

ai  =  A7  • a*  =  T'a*  =  ~C 

We  have  the  familiar  equation  of  a  central  quadric  surface 
referred  to,  its  principal  axes,  namely  ;u 


—  +-^-+—  =  1  (6) 
a\       a%  a8 

where  au  a*  and  a3  may  be  positive  or  negative.  If  they  are  all 
negative,  the  surface  is  imaginary.  We  will  now  consider  the 
nature  of  the  surfaces  under  the  various  other  conditions. 

First.  Suppose  one  of  the  constants  au  a2  or  a%  is  negative, 
while  the  remaining  two  are  positive. 

Thus,  let  ai  =  -  c* 
while  ax  =  a1 
a2  =  62 

Also  assume  that,  a,  is  numerically  greater  than  b,  and,  b, 
greater  than  ct 

or  a  >  b  >  c 

Substituting  these  values  in  (6)  we  obtain 
x2  a2 

This  particular  central  quadric  surface  will  be  recognized  to  be 
that  of  a  hyperboloid  of  one  sheet  with  conjugate  axis  along  the 
z  axis. 

This  can  be  seen  by  considering  the  shape  of  the  plane  curves 
which  results  as  the  intersection  of  this  solid  figure  with  the 
reference  planes,  or  what  are  generally  called  the  principal 
sections  of  the  surface.  First  take  the  X-Y  plane,  that  is,  the 
plane  whose  equation  is  z  =  0.  Substituting  this  value  in  (6) 
we  obtain. 

a2  ^  V 


33.  Proofs  of  the  statements  made  above  may  be  found  in  any  good 
book  on  Solid  Analytic  Geometry,  for  example;  Solid  Geometry  by 
Charles  Smith, — Macmillan  and  Company. 
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That  is,  the  surface  is  cut  by  the  X-Y  plane  in  the  ellipse  whose 
semi-axes  are  a  and  b.    The  foci  are  at  a  distance  from  the  origin. 

/  =  V  a*  -  b*  =  Vcj-aj 

which  is  seen  by  inspection  from  Fig.  1. 


Y 

i 

/ 

/  /• 

/ 

b  \ 

I 

1 

f 

 2a  Major  Axis 

Fig.  1- 

-Ellipse 

The  section  cut  out  by  the  Z-X  plane  {y  =  0)  is  seen  to  be 
the  hyperbola 


Fig.  2 — Hyperbola 

with  semi-axes  a  and  c.    The  foci  are  at  the  distance 

/=  V  d1  +  c*  =  Vfli-c, 

on  the  X  axis  which  can  be  seen  by  inspection  from  the  values 
of  the  various  quantities  as  given  in  Fig.  2. 
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The  section  by  the  F-Z  plane  (x  =  0)  is  the  hyperbola 


6* 


=  1 


with  semi-axes  b  and  c  and  foci  at  the  distance 


/  =  V  6*  +  c2  =  Vfl2- 


<*3 


on  the  F  axis. 

Thus  the  surface  defined  by  equation  *T(6)  is  seen  to  be  a  hy- 
perboloid  of  one  sheet  with  the  conjugate  axis  on  the  Z  axis. 

If  in  the  above  equation  (6)  we  let 
a  =  b  the  section  of  the  surface  by  any 
plane  parallel  to  the  X-Y  plane  (plane 
z  =  K)  is  a  circle.  Hence,  the  surface 
would  be  formed  by  the  revolution  of 

x2  z* 

the  hyperbola—  5-  =  1   about  its 

a  c 

conjugate  axis.  Fig.  3  shows  the  form 
of  the  surface. 

Second,  Let  two  of  the  constants  a  i, 
a2,  a*  in  equation  (6)  be  negative. 

For  example,  let 

a2  =  -  b2 
a8  =  —  c2 
ai  =  a2 

Also  assume  as  before  that  a  is  nu- 
merically greater  than  b  and  b  greater  than  c, 

or   a  >  b  >  c 
Substituting  these  values  in  (6)  we  obtain, 


Fig.  3 — Hyperboloid 
of  One  Sheet 


A 


(7) 


and  the  surface  is  called  a  hyperboloid  of  two  sheets. 

The  sections  by  the  co-ordinate  planes  and  their  focal  distances 
'^und  as  before. 
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The  section  by  the  X-Y  plane  (z  =  0)  is  the  hyperbola 

*L  _ jL  -  i 

a2       b*  1 

with  semi-axes  a  and  6  and  focal  distance 

V  a2  +  b2  =  V  ai  -  a2 
The  section  by  the  ZX  plane  (y  =  0)  is  the  hyperbola 


Fig.  4 — Hyper boloid  of  Revolution  of  Two  Sheets 
with  semi-axes  a  and  c  and  focal  distance 
V  a2  +  c2  =  V  ai  -  a8 

The  section  by  the  FZ  plane  (*  =  0)  is  the  imaginary  ellipses 
y*  z2 

-TT-  +  -T  =  —  1.  With  semi-axes  6  and  c  and  focal  distance 
o*  c* 


V-  (b2 -  c2)  =  Vfl,- 


a8 


If  in  equation  (7)  we  let  b  =  c  the  section  by  any  plane  parallel 
to  the  plane  x  =  0  is  a  circle.  Hence  the  surface  is  in  this  case 
formed  by  the  revolution  of  the  hyperbola 

a2  b2 


about  its  tranverse  axis.  The  form  of  the  surface  is  shown  in 
Fig.  4. 
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Third.    Let  all  of  the  constants  ai,  a*  and  az  be  positive. 

Thus,  let  a,  =  a2 

a2  =  ft2 
a3  =  c2 

Also  let  us  assume  that  the  relative  magnitude  of  the  constants 
are  as  indicated  by  the  equation 

a  >  b  >  c 

Upon  substituting  these  values  in  equation  (6)  we  obtain 


ir  +  ^  +  !r  =  i  (8) 

which  is  seen  to  be  the  equation  of  an  ellipsoid. 

The  sections  by  the  co-ordinate  planes  and  their  focal  dis- 
tances are  given  below.  * 

The  section  by  the  X~Y  plane  (z  =  0)  is  the  ellipse 

x*  y* 

— r-  +  -rr  =  1  with  semi-axes  a  and  b  and  focal  distance 
a1  tr 

f  =  Vtf-b1  =  Vai-  a, 
The  section  by  the  Z-X  plane  (y  =  0)  is  the  ellipse 

X1  Z2 

— r-  H         =  1  with  semi-axes  a  and  c  and  focal  distance 

a2  c2 


/  =  Va2-c2  =  Va, - 


The  section  by  the  Y-X  plane  (x  =  0)  is  the  ellipse 
ft2  ^  c2 


v2  z2 

- — I  —  =  1  with  semi-axes  b  and  c  and  focal  distance 


/=  Vft2-  c*  =  Va,- 


If  in  equation  (8)  we  let  a  =  b  the  sections  by  the  planes 
parallel  to  the  X-Y  plane  will  be  circles  whose  centres  lie  along 
the  Z  axis  and  the  surface  is  cut  out  by  revolving  the  ellipse 

a*  ^  c* 

about -the  Z  axis.    If  a  is  the  major  axis  and  c  the  minor  axis 
as  has  been  assumed  and  stated  in  the  assumption 
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a  >  c,  then  the  figure  is  cut  out  by  revolving  an  ellipse  about 
its  minor  axis.  Such  a  figure  is  called  an  oblate  spheroid.  If 
the  rotation  occurs  around  the  major  axis  the  figure  is  called 
a  prolade  spheroid. 

If  a  =  b  =  c  the  ellipsoid  reduces  to  a  sphere. 

The  form  of  the  oblate  spheroid  is  shown  in  Fig.  5. 

CONFOCAL  QUADRIC  SURFACES 

In  all  three  cases  investigated  above  it  will  be  observed  that 
the  squares  of  the  focal  distances  of  the  principal  sections 
(sections  cut  out  on  the  X-Y,  Y-Z,  Z-X  planes)  are  the  square 
roots  of  the  differences  of  the  three  constants  au  a2  and  a5. 
Therefore,  if  we  add  a  constant  to  each  of  the  three  constants 
au  a2  and  a8  we  obtain  a  surface  whose  principal  sections  have 

z: 


x 


Fig.  5 — Oblate  Spheroid 

Axis  of  revolution  about  Z  axis. 


the  same  foci  as  before  or  what  is  called  a  surface  confocal  with 
respect  to  the  original. 

For  example,  if  we  take  the  equation  of  an  ellipsoid 

x2        v2  JZ2 

^-  +  -£  +  ir  =  1  (9) 

the  focal  distance  of  the  principal  section  made  by  the  X-Y 
plane  has  been  seen  to  be 

/  =  V  a2  -  b2  =  V  ai-  a2 

If  we  now  add  the  constant  quantity  p  to  ax  and  <z2  we  have  as 
the  focal  distance  of  this  principal  section. 


^  0*i  -  P)  —  (a*  -  P)  =  ^  0i  -  P  -  a*  +  P  =  ^  ax  —  a% 
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and  thus  the  focal  distance  has  remained  the  same.  Similarly 
for  the  other  principal  sections,  and  we  therefore  see  that 


^  +  ^  +  7T>-'  <10> 

represents  a  surface  confocal  with  the  original  for  any  real 
value  positive  or  negative  of  p. 

If  as  we  have  assumed  throughout,  a  is  greater  than  b  and  b 
is  greater  than  c  or, 

a  >  b  >  c 

then  the  character  of  the  surface  represented  by  equation  (10) 
will  be  seen  to  be  determined  as  follows: 

(1)  If  p  >  —  c2  the  surface  is  an  ellipsoid. 

(2)  If  —  c2  >  p  >  —  b2  the  surface  is  a  hyperboloid  of  one  sheet. 

(3)  If  —  b2  >  p  >  —  a2  the  surface  is  a  hyperboloid  of  two 

sheets. 

(4)  If  —  a2  >  p  the  surface  is  imaginary. 

Suppose  we  now  wish  to  pass  through  a  given  point  in  space 
xt  y,  z  a  quadric  surface  confocal  with  the  ellipsoid 

Where  a  >  b  >  c. 

We  have  seen  that  its  equation  will  be 
^2  v2  z2 


a2  +  p  1  b2  +  p  '  c2  +  p 


from  which  the  value  of  p  can  be  determined  when  the  values 
of  x,  yt  z  of  the  desired  point  are  given. 

It  will  be  seen  that  this  equation  (12)  is  a  cubic  equation  in  p 
and  therefore  will  have  three  roots  say  pi,  p$,  pa  and  if  it  is  found 
that  these  roots  are  all  real  there  will  be  three  confocal  surfaces 
which  will  pass  through  any  desired  point  x,  yt  z  in  space. 
Since  an  equation  of  odd  degree  always  has  at  least  one  real 
root  we  see  that  the  other  two  roots  will  be  real  or  both  imagi- 
nary since  imaginary  roots  always  enter  an  equation  in  pairs. 
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In  order  to  investigate  the  roots  of  our  equation  (12)  we  can 
write  it  when  cleared  of  fractions  as  follows: 

(a2  +  p)  (ft2  +  p)  (<:*  +  p)-*2  (ft2  +  p)  (c2+p)~y  (a2  +  p)  (*2  +  p) 
-S>(a2  +  P)(ft2  +  P)=/(P)  =0  (13) 

This  is  our  cubic  equation  in  p  and  a,  ft,  c,  x,  y,  z  are  the  constants. 

We  have  just  seen  that  the  character  of  the  confocal  surface 
depends  upon  the  magnitude  of  p  with  respect  to  the  three 
constants  a,  ft  and  c.    To  recapitulate 

(1)  If  p  >  —  c2  the  surface  is  an  ellipsoid. 

(2)  If  —  c2  >  p  >  —ft2  the  surface  is  a  hyperboloid  of  one  sheet. 

(3)  If  —  ft2  >  p  >  —  a2  the  surface  is  a  hyperboloid  of  two  sheets. 

(4)  If  —a2  >  p  the  surface  is  imaginary. 

We  will  now  substitute  for  p  in  equation  (13)  the  values 

(1)  P  =  +  » 

(2)  p  =  -c2 

(3)  p  =  -ft2 

(4)  p  =  -a2 

which  will  be  seen  to  be  the  extreme  values  as  outlined  above. 
It  should  be  observed  that  p  =  —  »  would  result  in  an  imagi- 
nary surface  and  therefore  is  not  considered. 

Upon  making  these  substitutions  for  p  in  equation  (13)  and 
remembering  that  a  >  ft  >  c  we  will  obtain  the  following  as 
regards  to  changes  of  sign  of  our  cubic  equation  in  p  which  is 
represented  for  brevity  by  /  (p). 

When  p  =  +  « 

sign  /  (p)  =  +  oo 

and  it  is  observed  that  /  (p)  is  a  positive  quantity  for  all  values 
of  x,  y,  z,  a,  ft,  c  constant  under  the  assumed  relation  a  >  ft  >{c . 

When  p  =  —  c2 

f(p)  =  -z2(a2-c2)  (ft2-*2) 
sign  /(P)  -(-)<+)       (+)  =  (-) 

in  this  case  we  observe  that  /  (p)  is  negative  andjtheref ore  /  (p) 
has  changed  from  a  positive  value  in  the  previous  case  to  a 
negative  value  in  this  case.  Therefore,  /  (p)  has  passed  through 
zero  somewhere  between  p  =  +  »  and  p  =  —  c2t  that  is,  there 
is  a  real  root  between  these  two  values.    Call  this  root  X  and 
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observe  that  it  occurs  in  the  region  which  specified  that  the 
confocal  surface  will  be  an  ellipsoid. 

When  p  =  -  b2 

f(p)  (a2- ft2) 

sign  /(,)«(_)(_)  (+)-(+) 

Here  again  there  has  been  a  change  in  sign  and  therefore  there 
is  another  real  root  somewhere  between  p  =  —  c2  and  p  =  —  b*. 
Call  this  root  /i  and  observe  that  it  occurs  in  the  region  which 
specifies  that  the  confocal  surface  defined  by  it  will  be  a  hyper- 
boloid  of  one  sheet. 

When  p  =  —  a2 

f  (p)  -  -  *2  (    -  a2)  (c2  -  a2) 
sign  /(p)-(-)       (-)       (-)       =  (-) 

and  we  see  that  there  is  another  change  in  sign  and  therefore 
another  real  root  in  the  interval  between  p  =  —  b2  and  p  =  —  a2. 
Call  this  root  v  and  observe  that  it  lies  in  the  interval  which 
specifies  that  the  confocal  shall  be  a  hyperboloid  of  two  sheets. 

We  have  thus  accounted  for  the  three  roots  of  the  cubic  and 
found  their  general  location  also  that  they  are  all  real.34  Thus 
we  have  seen  that  through  any  given^point  in  space,  say  x\ 
y\  zf  there  will  pass  one  surface  of  each  of  the  three  kinds  and 
therefore  we  may  represent  the  given  point  in  space  either  by 
its  rectangular  co-ordinates  x\  y't  z1  or  by  the  three  values  X, 
/x,  v  which  are  the  three  values  of  p  as  determined  by  the  cubic 
equation  in 

x2  y*  s* 

 ±  1  dL  1   =  1 

a2  +  p  ^  b2  +  p  ^  c2  +  p 


in  which  the  values  of  xt  yt  z  are  taken  as  x'  y1  z'. 
If  we  write  for  the  sake  of  brevity. 

F(\,x,y,z)=0  (14) 

We  see  that  equation  (14)  defines  X  as  a  function  of  x,  yt  z  which 

^te  treatment  of  the  cubic  equations  will  be  found  in 
4  eory  of  Equations".    Page  109. 
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is  a  point  in  space  and  therefore  X  is  said  to  be  defined  as  a  point 
function.  Similarly 

F  (m,  x,  y,  *)  -  0  (16) 

F  (v,  *,  y,  z)  =  0  (16) 

define  /i  and  v  as  point  functions. 

If  we  have  given  the  values  of  X,  /x,  v  in  these  three  equations 
we  determine  completely  the  ellipsoid  X  =  constant,  and  the 
hyperboloid  of  one  sheet  /i  =  constant,  and  the  hyperboloid  of 
two  sheets  v  =  constant,  and  hence  their  point  of  intersection 
jc,  y,  z  and  its  seven  symmetrical  points  in  the  other  quadrants. 
It  can  be  further  shown  that  the  three  surfaces  defined  by 

X  =  constant 
jk  =  constant 
v  =  constant 

are  mutually  perpendicular  at  every  point  of  intersection.85 
X,  /i  and  v  are  called  the  ellipsoidal  or  elliptic  co-ordinates  of  the 
point.    They  form  a  system  of  Orthogonal  Curvilinear  Co- 
ordinates.38 

Normal  Oblate  Spheroidal  Co-ordinates 
When  any  two  semi-axes  of  our  standard  ellipsoid  become 
equal  the  above  described  system  of  curvilinear  co-ordinates 
breaks  down.    For  in  that  case  the  equation 

*2      ,     y2      .      z*  = 
a*  +        b*  +  p'*  c*  +  p 

reduces  to  a  quadratic  equation  in  p  and  therefore  has  only  two 
roots  which  we  may  call  X  and  /x.  The  surfaces  X  =  constant 
and  /x  =  constant  are  now  confocal  ellipsoids  and  hyperboloids 
of  revolution.  Obviously  a  third  family  of  surfaces  is  required 
before  the  position  of  a  point  in  space  can  be  fixed  by  their 
intersection.  Such  a  family  of  surfaces,  orthogonal  to  the  two 
present  families,  is  supplied  by  the  system  of  diametral  planes 
through  the  axis  of  revolution  of  the  standard  spheroid.  The 
two  cases  in  which  the  standard  ellipsoid  is  a  prolate  spheroid 
and  an  oblate  spheroid  require  separate  treatment.    We  are 

35.  A  good  discussion  will  be  found  in  "Solid  Geometry",  Charles 
Smith,  Mac  mi  11  an  and  Co.,  Page  147. 

36.  The  above  discussion  has  mainly  been  taken  from  A.  G.  Webster, 
"Electricity  and  Magnetism",  pages  27-31. 
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here  principally  interested  in  the  later  case  which  will  now  be  • 
described. 

Let  us  assume  as  the  standard  oblate  spheroid 

<"> 

where  a  >  c  that  is,  we  have  taken  the  case  where  the  figure 
is  rotated  about  the  z  axis. 

The  equation  of  the  confocal  family  of  surfaces  is  then 

a*  +  p     c*  +  p  v  ' 

which  is  seen  to  be  a  quadratic  p  regarding  xt  y,  zt  a,  c  as 
constants. 

As  we  have  seen  before  the  character  of  the  surface  will  depend 
upon  the  magnitude  of  p  with  respect  to  the  constants  a  and  c. 
Remembering  a  >  c 

(1)  If  p  >  —  c1  the  surface  is  an  oblate  spheroid. 

(2)  If  —  c*  >  p  >  —  a2  the  surface  is  a  hyperboloid  of  revolu- 

tion of  one  sheet. 

(3)  If  —a2  >  p  the  surface  is  imaginary. 

In  order  to  investigate  the  roots  of  (18)  we  may  write  it 

(aa  +  p)      +  p)  -  (*'  +  y>)  {c*  +  p)  -  z*  (a2  +  p)  =/(p)  =  0 

(19) 

and  observe  the  changes  of  sign  when  the  following  values  are 
substituted  for  p  in  equation  (19). 

(1)  p  =  +  » 

(2)  p  =  -c2 

(3)  p  =  -a* 

When  p  =  +  00 

sign  /  (p)  =  +  oo 

and  it  is  observed  that  /  (p)  is  a  positive  quantity  for  all  values 
of  x,  y,  z,  a,  c  consistent  with  the  assumed  relation  a  >  c. 

When  p  =  —  c% 

f{p)  =-s*  (a2  -  O 
sign  f(p)  =  (-)    (+)  =(-) 
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in  this  case  we  see  that  /  (p)  is  negative  and  has  therefore  changed 
from  a  positive  value  in  the  previous  case  to  a  negative  value  in 
this  case.  Therefore,  /  (p)  has  passed  through  zero  somewhere 
between  p  =  +  »  and  p  =  —c2,  that  is,  there  is  a  real  root 
between  these  two  values.  Call  this  root  X  and  observe  that 
it  occurs  in  the  region  which  specifies  that  the  confocal  surface 
will  be  an  oblate  spheroid. 

When  p  =  —  a* 

/(p)  =  -  (*»  +  ?■) 
sign  /(P)  =  (-)    (+)    (-)    =  (+) 

Here  again  there  has  been  a  change  in  sign  and  therefore 
there  is  another  real  root  somewhere  between  p  =  —c2  and  p  =  —  a2 
Call  this  root  /x  and  observe  that  it  is  in  the  region  which  speci- 
fies that  the  confocal  surface  will  be  an  hyperboloid  of  revolution 
of  one  sheet.  We  have  thus  accounted  for  the  two  roots  of 
our  quadratic  and  also  found  their  approximate  location;  also 
that  they  are  real. 

We  may  now  write 

F(X,W)=*4^  +  c4-x-l=0 

or, 

F(\,x,ytz)  =  0  (20) 

Similarly, 

F  (M,  x,  y,  z)  =  0  (21) 

Now,  as  we  have  seen  before,  in  order  to  determine  completely 
a  point  in  space  we  must  have  another  equation  which  defines 
a  surface  which  will  intersect  the  two  present  surfaces  X  = 
constant,  and,  /x  =  constant,  at  all  real  points.  As  has  already 
been  said  such  a  system  of  surfaces  is  that  of  the  diametral 
planes  through  the  axis  of  revolution  of  our  standard  oblate 
spheroid. 

In  this  case,  we  have  taken  the  s-axis  as  the  axis  of  revolution. 
We,  therefore,  wish  the  equation  of  the  plane  which  passes 
through  the  intersection  of  the  planes  x  =  0  and  y  =  0.  The 
equation  of  this  plane  may  be  written.37 

y  —  vx  =  0 
where  v  may  have  any  value. 

37.  See — Charles  Smith  "Solid  Geometry,"  Macmillan  and  Co.,  pagell. 
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Thus  we  may  write 

F  (vt  *,  yy  z)  =  y  -  v  x  =  0  (22) 

If  we  are  given  the  values  of  X,  /if  v  these  three  equations 
determine  completely  the  oblate  spheroid,  X  =  constant,  the 
hyperboloid  of  revolution  of  one  sheet,  /i  =  constant,  and  the 
diametral  plane  through  the  axis  of  revolution,  v  =  constant. 
Hence  their  point  of  intersection  x,  yy  z  and  its  seven  symmetrical 
points  in  the  other  quadrants  is  completely  determined.  It  can 
further  be  shown  that  the  three  surfaces  defined  by 

X  =  constant 
/x  =  constant 
v  =  constant 

are  mutually  perpendicular  at  every  point  of  intersection.  We 
may  thus  take  X,  /x,  v  as  a  set  of  normal  curvilinear  co-ordinates. 

In  order  to  simplify  the  work  which  will  follow  we  will  make 
certain  simplifications  in  the  form  of  the  equations  of  the  three 
surfaces,  the  intersection  of  which  represent  our  three  co-ordi- 
nates of  a  point.  Rewriting  equations  (20),  (21),  (22)  of  the 
three  orthogonal  surfaces, 


y, .)  =      +      +  cTtx  ~ 1  - 0  ») 


F(^x,y,z)  +-£-  +  -£-.-  1  =0  (24) 

F  (v,  x,ytz)  =  y-  vx  =  0  (26) 

Where  a  >  c 

X  >  -  cl 
-  c*  >  /x  >  -a2 

v  may  have  any  real  value  positive  or  negative. 

Let  us  now  make  the  following  substitutions  in  equations  (23) 
and  (24). 

Let 

a2  -  c*  =  £*  (26) 
and  a2  +  X  -  &  D  (27) 
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subtracting  we  obtain 

c2  +  X  =  &  (D  -  1)  (28) 

also  let 

a1  +  ft  =  E*  F  (29) 

subtracting  (26)  from  (29)  we  obtain 

c2  +  /x  -  JP(F-  1)  (30) 

If  we  now  substitute  (27)  and  (28)  in  (23),  and  (29)  and  (30)  in 
(24)  we  have 

^  +  OT  +  EM^rl  =  0  (31) 

Wf  +  eTf  +  b?  (/-  d"  1  =  0  (32) 

We  may  now  make  the  further  substitutions, 


1  =  0  (33) 


1  =  0  (34) 

If  in  these  equations  X'2  is  greater  than  c'*  and  cft  is  greater 
than  /x'2,  that  is 

X*  >  c'2  >  /x'2 

then  equation  (33)  is  the  equation  of  a  confocal  family  of  oblate 
spheroids  in  a  simplified  form  and  equation  (34)  the  confocal 
family  of  hyperboloids  of  revolution.  The  Z-axis  is  the  axis  of 
revolution  and  2  c1  is  the  focal  distance.  In  other  words,  if  we 
take  an  ellipse  and  a  hyperbola  having  the  same  foci  (focal 
distance  2  c')  and  revolve  them  about  the  minor  axis  of  the 
ellipse  (in  this  case  the  s-axis)  we  shall  get  a  pair  of  surfaces 


Putting  E2  -  c'a 

E*  D  =  X'2 
£*  F  -  /x" 

We  then  may  write  (31)  and  (32) 

x2        y1  & 
T7r  +  "X7i'  +  X*-c*  ~ 

/x'2       m'2       M/2-  c'2 
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which  are  mutually  perpendicular;  also  a  plane  through  the  axis 
of  revolution  will  cut  both  the  spheroid  and  hyperboloid  ortho- 
gonally. We  may  now  drop  the  primes  and  write  the  equations 
of  the  three  surfaces: 

Fi  (x,y,z,  X)  =        +  -g-  +  ^  -  1  =  0  (36) 


Ft  (x,  y,  z,  v)  -  y  -  v  x  =  0 
where  X*  >  c*  >  ft*,  2  c  being  the  distance  between  foci. 


(36) 
(37) 


Fig.  6 — Intersection  of  an  Oblate  Spheroid,  Confocal  Hyperboloid 
and  a  Plane  through  the  Axis  of  Rotation 

For  all  values  of  X,  /x  and  v  consistent  with  the  inequality 
written  above  the  surfaces  (36),  (36)  and  (37)  intersect  in  real 
points  and  cut  orthogonally.  We  can,  therefore,  represent  any 
given  point  in  space  say  x,  y,  z  by  the  intersection  of  the  three 
surfaces  provided  we  assign  the  proper  values  to  X,  /x  and  v. 
Therefore,  X,  /jl  and  v  are  a  set  of  orthogonal  curvilinear  co- 
ordinates. 

The  form  of  the  three  surfaces  is  shown  in  Fig.  6. 

Laplace's  Equation  in  Normal  Oblate  Spheroidal 
co-ordinates 

If  we  solve  equations  (36),  (36)  and  (37)  simultaneously  we 
will  obtain  the  values  of  x,  y  and  z  in  terms  of  our  co-ordinates 
X,  /x  and  v. 
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To  do  this  we  may  divide  equation  (36)  through  by  /x2  and 
equation  (36)  through  by  X2  and  then  subtract.  We  obtain 
upon  simplification. 


Substituting  this  value  of  z*  in  equation  (35)  we  obtain 

and  upon  substituting  the  value  of  y  from  equation  (37)  we 
obtain 


similarly  we  obtain 


=  X«j**  (40) 
T     c*  (1  +  v2)  KW) 


Equations  (38),  (39)  and  (40)  enable  us  to  express  the  position 
of  a  point  in  space  x,  y,  z  when  the  values  of  X,  /x  and  v  are 
given. 

Let  x  =  xQf  y  =  y0,  z  —  z0  be  the  rectangular  co-ordinates 
of  the  point  in  space  determined  by  the  intersection  of  the 
three  surfaces  X  =  X0>  /x  =  /x0,  v  *=  Vo- 

The  rectangular  co-ordinates  of  the  point 

X  =  X0  +  d  X 
M  =  Mo 


will  be 


i  d  *  ^  \ 


i  ^  *  j  \ 
=  *»  +  5TrfA 
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That  is,  it  will  be  the  original  position  plus  the  rate  of  change 
of  x  with  respect  to  a  change  in  X  multiplied  by  the  increment 
in  X.  This  will  be  readily  seen  from  Fig.  7. 

The  square  of  the  distance  between  the  points  X0  and  X0  +  d  X 
will  be 


(41) 


Fig.  7 — Elementary  Solid  Cut  Out  by  the  Intersection  of  a 
Pair  of  Confocal  Hyperboloids  of  Revolution,  a  Pair  of  Ellip- 
soids of  Revolution  and  a  Pair  of  Planes  through  the  Axis  of 
Revolution  (Z  Axis) 


In  the  limit  the  elementary  curvilinear  rectangular  parallelo- 
piped  is  simply  a  rectangular  parallelopiped,  that  is,  the  effect 
of  the  curvative  will  introduce  an  effect  which  will  be  an  infinitesi- 
mal of  higher  order  than  d  X  and  dtii  and,  therefore,  may  be 
neglected.  From  this  consideration  it  will  be  observed  that 
dn\  is  the  differential  unit  of  length  normal  to  the  surface  X  =  X0. 
Thus,  a  considerable  simplification  has  resulted  from  the  fact 
that  our  system  of  curvilinear  co-ordinates  are  orthogonal. 

In  like  manner,  we  can  write  down  the  expressions  for  the 
differential  unit  normals  to  the  other  two  surfaces 

fi  =  /Jo  and    =  j>0. 
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Thus, 

which  is  the  elementary  normal  to  the  surface  jjl  =  /x0 
Similarly 

~  -  hh),+ 0+ (hh  "  <m) 

is  the  elementary  normal  to  the  surface  v  —  Vo 
If  we  now  let 


1 

hi* 
1 

A,* 


(US)'  <«> 

=  (H) +     +  (li)  (45) 


A,* 

we  can  write  the  three  equations  for  the  differential  normals  in 
the  more  compact  form. 

dnt  =  ^  (47) 


dnt  =  ^  (48) 


</»i  =  ^  (49) 

The  elementary  surfaces  which  form  the  sides  of  the  differen- 
tial volume  may  now  be  written  (see  Pig.  7) 


d  Si  —  dtii  dtii 
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for  the  surface  X  =  X0 

d  St  =  dtt\  dnz  =         V  (51) 
for  the  surface  /x  =  /x0 

for  the  surface  v  = 

We  may  now  write  the  differential  volume  d  r  of  the  rectangu- 
lar parallelopiped 


j       i    j    j  d\dfldv 
h\  hi  hi 


(63) 


Back  Surface 

O-Vm 

Side  Surface 


Front  SurfaceP" 


-v  dnr^*-  

^^-cC  Bottom  Surface 


Fig.  8 


We  can  now  proceed  to  write  down  Laplace's  equation  in  our 
present  system  of  orthogonal  curvilinear  co-ordinates.  We  will 
here  consider  the  case  of  a  homogeneous  and  isotropic  medium. 
The  clearest  method  of  obtaining  Laplace's  equation  is  to  apply 
the  well  known  laws  of  flow  of  an  incompressible  fluid  to  the 
infinitesimal  unit  of  volume  bounded  by£theJintersection  of  the 
six  surfaces, 

X  =  Xo    M  =  Mo    v  =  v* 

X=X0  +  dX     /i  =  /i0  +  d/i     v  =  Vo  +  dp 

Now  let '(see  Fig.  8) 

u  equal  the  component  of  the  flow  density  or  flux  density, 


D9  at  the  poin^  X0,  Mo,  Vo*  parallel  to  dn\ 
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Similarly 

v  =  component  of  D  parallel  to  dn%. 
w  =  component  of  D  parallel  to  dtii. 

Now  the  total  amount  of  flux  (or  flow)  leaving  the  infinitesi- 
mal parallelopiped  is  the  sum  of  the  six  amounts  leaving  it 
through  the  six  faces;  each  of  these  is  expressed  as;  flow  density 
X  surface. 
Therefore,  they  are, 

—  '*+■(•  + IS*-)  ("'  +  iiTfi*!) 

-  vdS,  +  (»  +  ^£*h)  (dS,  +  dm  )     |  (54) 

In  order  to  see  the  exact  meaning  of  these  three  equations  we 
will  put  the  first  one  in  word  form.  The  first  term  says  that  the 
total  flux  (or  flow)  entering  the  lower  surface  of  the  infinitesimal 
parallelopiped  is  equal  to  the  component  of  the  flux  density  in 
the  direction  perpendicular  to  the  surface  X  the  area  of  the 
lower  surface.  Since  we  desire  to  express  the  outward  flow  we 
designate  this  inward  flow  by  the  minus  sign.  The  second  term 
expresses  the  total  flux  outward  through  the  top  surface.  For 
this  case  the  component  of  the  flux  density  will  be  the  original 
component  plus  the  rate  of  increase  of  the  component  as  we 
move  towards  the  top  of  the  cube  multiplied  by  the  height  of 
the  cube.  This  gives  the  component  of  the  flux  density  at  the 
top  of  the  cube  and  if  we  multiply  this  by  the  area  of  the  top 
we  obtain  the  total  outward  flow  at  the  top  surface. 

It  will  be  observed  that  the  area  ofjthe  top  surface  is  the  area 
of  the  bottom  plus  the  rate  of  increase  of  the  area  as  we  go  from 
the  bottom  towards  the  top  multiplied  by  the  distance. 

Multiplying  out  the  second  term  of  the  first  line  of  equation 
(64)  we  obtain: 

j  e    i_  ,       ,C1       5  (dSi)  , 

udSi  +  5- —  d  tlx  d  Si  +  u  — £         d  tii 

f)  til  O  fl\ 

+  p*MlAdni>  (56) 
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the  fourth  term  is  of  higher  order  and  therefore  may  be  neglected 
Factoring  out  the  d  tii,  we  can  write  (66)  as: 

[d«  JO  ,  d  (d  Si)  1  .  /M. 
^ds^u-h^-\dn>  (66) 

It  will  now  be  evident  that  this  is  merely  the  differential  of 
the  product  of  the  two  functions  u  and  d  Si.  (I  am  indebted  to 
Professor  J.  N.  Vedder,  who  called  my  attention  to  this  relation 
while  discussing  the  problem  with  him.)    That  is 

d  [u  d  Si]  =  ud{dSi)  +  dSidu 

We  can  therefore  write  (66) 

-5-^-  [u  d  Si]  d  tti 
o  tli 

Applying  the  same  reasoning  to  the  other  similar  equations  and 
adding  them  all  together,  we  obtain  the  following  equation,  which 
represents  the  total  amount  of  flux  leaving  the  infinitesimal 
volume. 

5^-  (udSi)  dni  +  5-^-  (vd  S2)dn2+  £-(w  d  58)  d  nz  (67) 
O  tt\  o  n%  o  tii 

If  we  substitute  the  values  of  d  nu  d  »2  and  d  n%  as  given  by 
equations  (47),  (48)  and  (49) ;  as  well  as  d  Si,  d  S2,  d  5s,  as  given 
by  equations  (60),  (61)  and  (62)  in  equation  (67)  we  obtain 

,     d    /    d  \i  d  v  \  d\       ,     d    /    d\d  p  \  dfi 

hl  ax  \u  -hThT)  ~hT       1>m  v  "XaT  )  TT 

Simplifying  and  dividing  by  (63)  to  express  the  equation  for  unit 
of  volume,  we  get: 

[enc  Ufc-)  +  Tf  (Tfir)+^(w)>-*-'"  »> 

Now  for'any  point  in  space  which  is  neither  a  source  nor  a 
sink  of  flux,  we  see  that  the  same  quantity  of  flux  must  leave  as 
enters  any  closed  surface  in  order  that  there  may  be  no  accumu- 
lation within.    Therefore,  we  may  set  this  equation  equal  to 
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zero.  This  now  constitutes  the  familiar  equation  of  continuity 
in  the  X,     v  system  of  coordinates. 

To  obtain  the  same  physical  statement  in  terms  of  potential 
we  merely  have  to  substitute  the  relation  between  flux  density 
and  potential  gradient  as  expressed  by  the  Fourier-Ohm  law 
namely, 


u  =  —  K 


V  =  —  K  ■ 


W  =  —  K 


a  v 

d  rii 

a  v 
a  nt 

a  v 
a  nz 


(60) 


In  other  words  these  equations  state  that  the  flow  density  in 
a  given  direction  is  equal  to  the  potential  gradient  in  that 
direction  multiplied  by  the  specific  conductivity.  The  minus 
sign  indicating  that  the  potential  is  decreasing  in  the  direction 
of  the  flow.  We  will  here  take  the  specific  conductivity  to  be 
unity  and  equal  in  all  directions,  that  is,  the  material  has  unit 
specific  resistance  and  is  homogeneous  and  isotropic. 

We  may,  therefore,  rewrite  equation  (66)  for  this  case. 


u  =  — 


v  =  — 


w  =  — 


dV 

a  tti 
a  ttS 

bV 

a  n8 


(61) 


Substituting  the  values  of  dtiudtii  and  dn*  as  given  by  equa- 
tions (47),  (48)  and  (49)  in  equation  (61)  we  obtain, 
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Therefore,  if  we  substitute  the  values  given  in  equation  (82) 
in  equation  (89),  we  obtain  after  changing  signs: 

d    /    hi      d  V\      _d_  /    kt  bv\ 
d  X  \  htht    dX/+d/i\A,A,    d  m  / 


(63) 


which  is  Laplace's  equation  in  orthogonal  curvilinear  coordinates. 
This  simple  method  of  deducing  the  above  equation  was  first 
given  by  Sir  William  Thomson  (see  Mathematical  and  Physical 
Papers  Vol.  I,  p.  25). 

We  may  now  proceed  to  obtain  the  values  of  hu  h*  and  h%  for 
our  case  of  normal  oblate  spheroidal  co-ordinates  from  equations 
(38),  (39)  and  (40)  when  combined  with  equations  (44),  (46) 
and  (46). 

Thus  differentiating  equations  (38),  (39)  and  (40)  with  respect 
to  X  we  obtain 


d  y 


V  1  +  V* 


ft  v 


c  V  1  +  v* 


5  z  _  X  a/c»- 
d  X  V  ~ 


X*- 


(64) 


Substituting  these  values  in  equation  (44)  we  obtain 
hi1     \c  VT+T*)  +  \c  y/TT^J    U       X»-  W 


Simplifying  we  get 
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5  y 

d_r 


Xr 
c  V  1  +  v* 


From  which 


Again 


1 

A** 

d  v 


c       c*-  n* 


X*  -  /i* 


c(l+  i*)3'2 


5  y  _       X  /i 


d  v     c  (1  +  i*)3/2 


o  y 


and 


_1_ 
As* 


C*  (1  + 


(6$) 


(67) 


(68) 


(69) 


If  we  now  substitute  these  values  of   in  equation 

fix     fit  Hi 

(63)  we  get 

c(l  +  v*)  Vc*- iu*^X  L  dX  J 
 X  ^  r            ,57  "I  • 

c a  +  y*)  vi^"?a m  LM       M  & m  J 

—  '<»-*>       ^ ("<i  +    AHl  -  o  (70) 
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which  is  Laplace's  equation  in  our  spheroidal  coordinates  X, 
fi  and  v. 

If  now  in  place  of  X,  fi  and  v  we  can  find  some  function  of  X, 
some  function  of  fi,  and  some  function  of  v  which,  therefore, 
will  represent  the  same  set  of  orthogonal  surfaces,  and  if  we 
can  choose  these  functions  which  we  shall  designate  by  a,  j8 
and  7,  which  of  course  are  also  functions  of  x,  y  and  *,  so  that 
they  are  solutions  of  Laplace's  equation  when  expressed  in 
rectangular  co-ordinates,  and,  therefore,  satisfy  it  when  substi- 
tuted therein.    That  is,  we  would  have, 


y  a  y  a  y  a 
d*2  +  d/  +  bz* 


by*   '  b* 


y  7  ,  y  7  ,  y  7 

d*1  T^f  bz* 


=  0 


=  0 


under  these  circumstances  equation  (70)  will  be  reduced  to  a 
more  simple  and  symmetrical  form.  It  must  be  remembered 
that  the  existence  of  these  functions  a,  0,  7,  is  merely  tenta- 
tive.   The  criterion  for  their  existence  will  be  given  later. 

Equation  (70)  is  Laplace's  equation  expressed  in  terms  of 
X,  fi  and  v. 

Assuming  now  that  in  equation  (70)  V  is  a  function  of  X  only; 
in  that  case 

-5: —  =  0  and  -5- —  =  0 
o/i  bp 

and  equation  (70)  would  then  reduce  to 

Mxv^txl  =  0  (71) 

Integrating  with  respect  to  X  we  get 


1  vTrz^7x  -  * 


(72) 
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whence 


and  integrating  again 

V  =  —  sec-1  —  +  Kx  (74) 
c  c 

Here  F  is  a  function  of  X  which  satisfies  Laplace's  equa- 
tion. Call  this  value  of  V  which,  is  a  function  of  X  and 
which  satisfies  Laplace's  equation,  a  leaving  the  constant  C\ 
undertermined  thus 

dec-  %  Clf  X  (76) 
XVX*-c* 


and 


a  .  £l  sec-1  —  +K,  (76) 
c  c 


The  constant  #1  is  zero  since, 

a  -  0 

when  X  =  c 

and  sec-1l  =  0 

As  above  assumed  now  that  V  in  equation  (70)  is  a  function 
of  /j  only;  in  this  case  -g-^-  =  0  and  -g-jj-  «  0  and 


Integrating 


(77) 


d  V 


>iVct- ^Ti  =  c*  (78) 


rfF=  (79) 


F  =  —  —  sech-1  +X, 


(80) 
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Call  this  value  of  V  which  is  a  function  of  /x  only,  and  which 
satisfies  Laplace's  equation,  0,  leaving  the  constant  c2  unde- 
termined we  have 

d  0  =     C)^L-  (81) 


0  =  -      sech-1  (82) 


The  constant  of  integrating  K*  is  zero  since 

0  =  0 

when  fi  =  c 

and  sech-1l  =  0 

Similarly 


(83) 


(1  +  v»)  ^  -  c,  (84) 


dV~Hl>  (86) 

V  =  cltan-'v  +  tf,  (86) 

If,  as  before,  we  call  this  value  of  V,  which  is  a  function  of  v 

only  and  which  satisfies  Laplace's  equation,  7,  leaving  the  con- 
stant ct  undetermined  we  have 

*y-rr?  (87) 

y  =  ^  tan-1  v  +  Kz  (88) 

The  constant  of  integration  Ks  vanishes  since 

7  =  0 

when  v  =  0 

and  tan-1 0  =  0 
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If  we  now  substitute  these  values  in  equation  (70)  we  can 
express  Laplace's  equation  in  terms  of  otir  new  functions  a,  jS 
and  y  and  thereby  obtain  a  simpler  equation.    To  do  this  let 
us  take  equation  (70)  term  by  term. 
The  first  term  is 

c(l  +  v*)  VV- /x2&  X  L  ^XJ 
expanding  the  indicated  differentiation  we  get 

c  (1  +  v*)  W-  ju*  L<>  x  V  a  x 

Prom  equation  (71)  the  first  term  within  the  bracket  is  equal 
to  zero. 

If  we  now  assign  the  following  values  to  the  constants,  cu 
c»  and  Ci 

Ci  =  —  ct  =  c  and  c%  =  1 
We  have  from  equation  (73) 

d  V  =  c 

d*  V  =  _d_  i  c  \ 
d  X*    d  X  vx  VX^?  / 


j  k_  -c[(X*-c»)  +  X«] 


Now  from  equation  (76)  we  have 
d  a  c 


0* 
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Combining  (90)  and  (91)  we  obtain 

d2  V     d*  Vd  X*        (X*-c»)  +  X* 


do*     d  X*  d  a*         c  V  X*  —  c* 

Now  comparing  (90)  and  (92)  it  will  be  seen  that 

d*  V  c*       d*  V 

d  X*     X*(X»-  c*)d  a* 


(92) 


(93) 


cP  V 

If  we  now  substitute  this  value  of  in  the  second  term  of 
equation  (89)  we  get 

cd  +  ^V^-M*    {WX'-c*  [Xl(X^}^]  } 

or  simplifying  the  first  term  of  equation  (70)  when  expressed 
d*  V 

in  terms  of  c- — -9  we  get 


U  cm 


X  (1  +  Vs)  Vc*-n*  V  X*-c*  & 

If  we  now  perform  the  same  operation  upon  the  second  term 
of  equation  (70)  which  is 


[mVC- (96) 


c(l  +  v*)  VX*-c*&MI 

expanding  the  indicated  differentiation  we  have 

 X  rd^  /    ,       A  5_K 

c(l +  y*)  VX*-c*  L<>MV  M/ 

+  MVl^£-£]  (96) 
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Equation  (77)  tells  us  that  the  first  term  within  the  bracket  is 
zero. 

Now  from  equation  (79)  putting  c%  =  —  c  we  have 
d  V  -c 


<*M      n  Vc*- /i* 

and  then 

d*  V  _    c[(c*-  n*)  —  fi*] 
d  M'     h*(c*-h*)  VJ=~fi 

From  equation  (81)  we  have 

d  ft  _  fiV  c*  —  ft* 
d  0  ~       -  c 

d  m*  _  mV~  M1) 

From  (97)  and  (98)  we  obtain 

d*  V  =  d*  Vd  m3  =  (c*  -  m')  -  M! 
d  j8*     d  n*d  fP       c  V  c*  -  »» 


(97) 


(98) 


(99) 


Now  from  (97)  and  (99)  it  will  be  seen  that  the  following  relation 
exists 

d*  V  c*       d*  V 


d  fi*     n*  (cl  —  n*)  d  0* 


(100) 


Hence  substituting  this  value  in  equation  (96)  we  get  for  the 

d*  V 

second  term  of  equation  (70)  when  expressed  in  terms  of 
the  following. 

X<  *F  (101) 


ft  (I  +  v*)  v  V-M«  V  X*-c*  d  P 
Now  as  before  expand  the  third  term  of  equation  (70) 


X/i  v  V 

(102) 


1022  RICE:  ELECTROSTATIC  PROBLEMS         "  [Nov.  9 

and  observe  that  the  first  term  within  the  brackets  vanishes  by 
equation  (83). 
Now  from  equation  (86)  putting  c8  =  1,  we  get, 

d  V  1 


dp      1  +  v* 

<P  V  -2v 


dv*      (1  +  i/*)2 

From  equation  (87) 

dv  IIS 

j —  =  1  +  v* 
d  7 


(108) 


(104) 


d  v* 


From  (103)  and  (104) 


d*  V     d*  V  dv*  _ 


Now  from  (103)  and  (105)  we  get 

d*  V  1      d*  V 


(108) 


d  v1      (1  +  vt)*d  y* 

Hence  substituting  this  value  in  equation  (102)  we  get  for  the 

lV 

yt 


third  term  of  equation  (70)  when  expressed  in  terms  of  g — t 


the  following. 

.  cj£zj*>  *1  (107) 

X/i(H-fl)  Vc*-n*  VX*-f»  *>  7* 

If  we  now  combine  the  three  terms  as  given  by  equations  (94), 
(101)  and  (107)  we  get 

i  vv    i  a*  v  .m  -  M»y  V  _  n 
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or  since  from  equation  (76),  (82)  and  (88)  and  remembering 
that  we  put  G\  «=  —  c%  =  c3  =  1  we  have 

X  =  c  sec  a 

H  -  c  sech  p  >  (109) 
v  =  tan  7 

we  can  now  write  equation  (108) 

d2  V  d2  F  d2  V 

cos2  a        +  cosh8  p        +  (cosh2  p  -  cos2  a)        =  0  (110) 

which  is  Laplace's  equation  expressed  in  terms  of  what  have 
been  called  normal  oblate  spheroidal  co-ordinates. 

When  using  this  equation  (110)  it  is  to  be  noted  that  the 
point  whose  co-ordinates  are  (a,  P,  7)  is  the  point  of  intersection 
of  an  oblate  spheroid  whose  semi-axes  are 

c  sec  a  (major  axis) 

c  tan  a  (minor  axis  and  the  axis  of  revolution.) 

and  a  hyperboloid  of  revolution  of  one  sheet  whose  semi-axes 
are 

c  sech  P  (transverse  axis) 

c  tanh  P  (conjugate  axis,  the  axis  of  revolution.) 

and  a  plane  containing  the  axis  of  revolution  of  the  system  and 
making  the  angle  7  with  a  fixed  plane. 

If  the  axis  of  revolution  is  the  z  axis  and  the  fixed  plane  of 
reference  is  the  XZ  plane;  the  rectangular  co-ordinates  of  a,  P, 
7,  will  be  obtained  by  substituting  the  values  of  X,  /a  and  v 
given  by  equation  (109)  into  equations  (38),  (39)  and  (40).  This 
substitution  gives 


x  =  c  sec  a  sech  P  cos  7 
y  =  c  sec  a  sech  P  sin  7 
z  =  c  tan  a  tanh  P 


(111) 


If  now  we  let  a  range  from  0  to  — P  from  —  »  to  +  » ,  and 
7  from  0  to  2  7T,  we  shall  be  able  to  represent  all  points  in  space; 
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and  if  we  agree  that  negative  values  of  0  shall  belong  to  points 
below  a  plane  through  the  origin  and  perpendicular  to  the  axis 
of  revolution  and  positive  values  of  j8  to  points  above  that 
plane.  Then  not  only  shall  we  have  no  ambiguity,  but  also 
the  rectangular  co-ordinates  of  any  point  in  space  as  given  by 
equations  (111)  will  have  their  proper  signs.    (See  Fig.  9) 

The  above  transformation  of  Laplace's  equation,  as  expressed  in 
terms  of  the  orthogonal  curvilinear  co-ordinates  X,  \x  and  v 
which  represent  an  orthogonal  system  of  surfaces,  to  the  simpli- 
fied form  in  which  it  was  expressed  in  terms  of  the  new  co-ordi- 
nates a,  jS,  7  was  made  possible  by  the  assumption  that  certain 
functions  <*,  (3,  y  of  X,  /x  and  v  exist.  Thus  we  determined  the 
value  of  a  by  solving  equation  (70)  on  the  assumption  that  V 
is  a  function  of  X  only;  \x  and  v  not  entering.    This  means  that 


Fig.  9 — Confocal  Ellipse  and  Hyperbola 


we  assumed  that  the  curvilinear  co-ordinate  X  corresponds  to  a 
possible  equipotential  or  isothermal  surface,  for  in  that  case 
there  would  be  a  function  of  X  which  would  satisfy  Laplace's 
equation. 

We  may  write  it  symbolically  as  follows: 

Starting  with  Laplace's  equation  in  terms  of  rectangular  co- 
ordinates namely  A*  V  =  0  and  remembering  that  X  =  /  (x,  y, 
z).  Then  if  it  happens  that  V  =  /  (X)  only,  is  a  solution  of 
Laplace's  equation,  then  we  may  write  it 

7-/(X)  =  a 

and  upon  substituting  back  in  Laplace's  equation  we  would  get 
the  condition  that 

A2  a  =  0 
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In  other  words,  this  means  that  a  as  found  by  this  process  is  a 
value  of  the  potential  V  corresponding  to  such  a  distribution 
that  the  surface  obtained  by  giving  particular  values  to  X  are 
equipotential  surfaces.  The  particular  value  of  the  function  of 
X,  a  is  given  in  equation  (76). 

The  condition  that  such  a  function  a  should  exist,  for  a 
given  system  of  surfaces,  that  is,  that  the  distribution  described 
above  should  be  possible  will  be  obtained  analytically  below. 

We  have  seen  that  the  required  condition  is  merely  that  V 
in  Laplace's  equation  may  be  a  function  of  X  alone. 

If  V  is  a  function  of  X  alone  and  we  also  remember  that  X 
is  a  function  of  x,  y  and  z,  we  may  start  from  this  information 
to  write  out  Laplace's  equation. 

We  have 

f  =  /i(X) 

X  =  h  (*,  y,  z) 

Hence 

dV =  d V dX 
dx       d  X  d  x 


bV _  d V dX 
dy       d\  d  y 


= d v ax 

d  z       d  \  d  z 

Differentiating  again  we  obtain 

5*  V  =  d*  Vd  X2  dV_  df_X 
dx2     d  X2  dx*  +  d  X  dx2 


d2  V  =  d?  Vd  X2  ,  df_X 
dy2     d  X2      '  +  dX  dy» 

y  f  =  (P  vd  X2"   d  y  y  x 

ds2         X2  dz2-"1"  d  X  ds2 

Adding  these  three  equations  and  equating  the  result  to  zero 
in  order  to  obtain  Laplace's  equation  we  get 

dMf  ,VV  &V 
dx2  +  dy2  +  ds2  U 
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also 

Ldx»  +  d)1  +  d2*Jd  X 

We  thus  have  obtained  an  expression  for  Laplace's  equation 
based  upon  the  assumption  that  the  potential  V  shall  be  a 
function  of  X  alone.    If  we  now  write  it 

d*_X    d*_X    y_x        d*  V 
/d  X\2    /d  X\2  /&  XV"      d  V 

This  may  be  written  in  symbolic  form 

where  Fi  (X)  may  be  any  function  of  X  alone.  Thus  our  re- 
quired condition  is  that 

j£  -  F,  (X)  (112) 

and  when  this  is  fulfilled  the  original  curvilinear  co-ordinate  X 
corresponds  to  a  possible  equipotential  or  isothermal  surface 
and  in  this  case  a  function  a  exists.  If  similar  relations  are 
found  to  hold  for  0  and  y  the  reduction  of  Laplace's  equation 
to  the  so-called  symmetrical  form  is  possible. 

Similarly  we  determine  the  values  of  fi  and  y  on  the  assump- 
tion that  V  is  a  function  of  \i  only  in  the  case  of  j9  and  a  function 
of  v  only  in  the  case  of  y.    In  that  case  it  is  evident  that 

A*  jS  =  0  and  in  the  second  case 
As  7  =  0 

It  is  therefore  evident  that  j8  is  a  value  of  V  corresponding  to 
such  a  distribution  that  the  surfaces  obtained  by  giving  par- 
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ticular  values  to  m  are  equi potential  surfaces;  and  that  7  is  a 
value  of  V  corresponding  to  such  a  distribution  that  the  sur- 
faces obtained  by  giving  particular  value  to  v  are  equipotential 
surfaces. 

From  what  has  been  said  above  it  is  evident  why  Lam£, 
the  inventor  of  this  system  of  co-ordinates  called  the  functions 
a,  /?  and  7  thermometry  parameters.38 

The  analytical  method  of  obtaining  the  criterion  for  the 
existence  of  these  functions  0  and  7  is  exactly  the  same  as  that 
for  the  case  of  a  which  has  been  worked  out.  It  is  in  the  case 
of  X 

A*  X 


=  F,  (X) 


and  it  is  for  /i 


and  for  v 


A»  v 
hi* 


(113) 


When  these  three  conditions  are  fulfilled  for  X,  \x  and  v,  the 
original  curvilinear  co-ordinates  X,  /*  and  v  correspond  to  pos- 
sible equipotential  or  isothermal  surfaces  and  thermometric 
parameters  a,  fi  and  7  exist  and  the  reduction  of  Laplace's 
equation  to  the  so-called  symmetrical  form  given  by  equation 
(108)  is  possible. 

In  all  of  the  above  work  I  have  followed  the  development  of 
the  subject  of  orthogonal  curvilinear  co-ordinates  as  given  in 
Byerly's  Fourier  Series  and  Spherical  Harmonics  pages  238  to 
245  and  merely  tried  to  give  an  unexpurgated  description  of 
the  process.  That  is,  I  have  tried  to  fill  in  some  of  the  steps 
in  the  process  which  are  necessary  in  order  that  the  average 
engineer  may  follow  the  development  with  ease. 

The  solution  of  the  problems  given  in  the  following  pages  is 

38.  Numerous  references  to  Lamp's  work  will  be  found  in  the  follow- 
ing works. 

Maxwell,  Electricity  and  Magnetism,  page  232;  Webster,  Electricity 
and  Magnetism,  page  22,  64,173;  Byerly,  Fourier's  Series  and  Spheri- 
cal Harmonics,  page  244,  274;  J.  H.  Jeans,  Electricty  and  Magnetism, 
page  247;  Goursat-Hedrick,  Mathematical  Analysis,  Vol.  I,  page  80; 
I.  Todhunter,  The  Functions  of  Laplace,  Lame*  and  Bessel,  page  210. 
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due  to  Professor  W.  E.  Byerly.  I  had  been  struggling  with  the 
problem  for  some  time  without  success  and  finally  took  the 
liberty  of  writing  Professor  Byerly  concerning  my  troubles. 
His  reply  of  January  9thf  1915  to  my  letter  exceeded  my  ex- 
pectations for  it  gave  the  desired  solution  as  given  in  the  fol- 
lowing pages.  On  February  17th,  1915,  I  had  the  further 
privilege  of  talking  over  the  problems  with  him,  at  which  time 
he  cleared  up  the  remaining  troublesome  points. 

Potential  at  any  Point  in  Space 

Laplace's  equation  (110)  expressed  in  the  symmetrical  form 

was  seen  to  be 

V  &  V  &  V 

cos8  a  g-^  +  cosh2  ft        +  (cosh2  0  -  cos2  a)        =  0  (114) 

In  the  present  problem  we  wish  to  determine  the  potential 
at  any  point  in  space  between  two  confocal  hyperboloids;  one 
of  which  is  chosen  to  represent  the  tank  with  a  hole  in  it;  the 
other  representing  the  rod  or  connection  which  passes  through 
the  hole  in  the  cover  of  the  tank. 

The  potential  V  must  satisfy  the  above  equation  and  is  a 
function  of  fi  only.  This  follows  from  the  fact  that  the  equi- 
potential  surfaces  will  be  confocal  hyperboloids  of  revolution. 

Therefore,  we  have, 

5- — ,  =  0  and  ^ — ;  =  0 
da2  d  72 

and  Laplace's  equation  reduces  in  our  case  to 

cosh2  /?         =  0 

This  equation  must  be  true  for  all  values  of  0  and  V  and  since 

d2  V 

cosh2  f3  is  not  zero  for  all  values  of  /?,  g-^p  must  be  equal  to 
zero.    Thus  our  equation  will  be 


d2  V 


(116) 


The  solution  of  this  differential  equation  is  seen  to  be  obtained 
as'f ollows : 
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Integrating, 

dp  A 


and 


dV  =  Ad p 
V  -  A  p  +  C  (116) 


which  is  the  solution  for  the  potential  at  any  point  in  space. 
The  values  of  the  constants  of  integration  A  and  C  will  be  found 
from  the  conditions  of  the  problem. 

Thus  if  p  =  Po  for  .the  hyperboloid  selected  as  the  tank  with 
hole  in  it,  the  potential  is 

7  =  0 

Assuming  the  tank  to  be  grounded, 
Hence  0  =  A  p0  +  C 

Also  when  P  =  Pi  for  the  hyperboloid  selected  as  the  electrode 
which  passes  through  the  hole  in  the  tank 

Hence 

Vi  =  A  Px  +  C 
Solving  these  equations  simultaneously  we  have 


A  = 


01 
/ 

Vi 


l  _  _£i 
0. 


0i~  0o 


(117) 


Substituting  the  values  of  A  and  C  as  thus  determined  into 
equation  (116)  we  have. 

0i-0o      1  _  01 
1  0o 

or 

*mjn=%ifi-*>  (118) 

which  is  the  complete  expression  for  the  potential  at  any  point 
in  space  under  the  assumed  terminal  conditions. 
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From  considerations  of  symmetry  it  is  obvious  that  the  po- 
tential has  circular  symmetry  about  the  axis  of  revolution;  and, 
in  this  case,  the  z  axis  has  been  chosen. 

We  may  now  determine  the  potential  at  any  point  in  space 
in  rectangular  co-ordinates  as  follows.  Suppose  we  desire  the 
potential  at  the  point  x,  z  for  the  case  in  which  the  semifocal 
distance  is  c. 

We  have  for  the  value  of  p  which  is  the  semi-transverse  axis 
of  the  hyperbola 

(see  Fig.  10) 


Fig.  10 — Hyperbola 


Hence, 

M  -  y  [  V     +      +        V  (*-«)■  +  *]  (119) 

Also  from  equation  (109)  we  have, 

jj,  =  c  sech  P 

cosh  (3  =  — 
M 

i8  =  cosh"1—  (UO) 

Thus  we  can  determine  the  potential  at  any  point  P  in  space 
under  any  desired  conditions  of  c,  fiu  j90,  V\. 
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Potential  Distribution  on  the  X-Axis 
For  this  case  we  have  z  =  0  in  equation  (119)  and  hence  it 
reduces  to 

M  =  c  (121) 

Now  under  these  conditions  \i  and  x  are  identical  in  value  for 
points  along  the  x  axis  between  the  origin  and  the  focus.  We 
can,  therefore,  use  equation  (120)  directly  without  reference  to 
equation  (119)  or  (121). 

Thus  we  can  determine  the  values  of  /?i  and  /?<>  for  any  value 
of  ju  from  equation  (120)  or  rewriting  it  here 


B  =  cosh-1  


(122) 




.1. 

1 

1 — 

— 

90  100 
Focus 


Fig.  11 — Calculated  Potential  Distribution  Along  the  X-Axi9 

If  we  select  for  the  hyperboloid  jS0  the  limiting  case  that  of  the 
infinite  plane  with  a  hole  in  the  centre  0o  =  0  for 


where 


0  =  cosh-1  — 
M 

M  =  c 

/?  =  |8o  =  cosh-1  1 


We  may  then  write  equation  (118)  as  follows. — 


(128) 


1032 


RICE:  ELECTROSTA  TIC  PROBLEMS  [Nov.  9 


The  potential  distribution  for  this  case  is  shown  in  the  curve, 
(see  Fig.  11).  From  this  curve  we  may  find  the  proper  spacing 
for  the  hyperbolas  which  when  rotated  about  their  z  axis  cut  out 
the  equipotential  surfaces  for  unit  differences  of  potential.  All 
we  have  to  do  is  to  divide  the  potential  into  equal  increments 
and  note  the  corresponding  value  of  /i  or  x.  In  this  manner 
we  can  construct  a  diagram  similar  to  Fig.  12.  In  the  case 
before  us  the  potential  has  been  divided  into  51  equal  increments. 


Fig.  12 


Potential  Gradient  at  any  Point  in  Space 
The  potential  gradient  is  defined  as  the  rate  of  change  of 
potential  in  the  direction  of  the  greatest  decrease  in  potential, 
that  is,  along  the  normal  to  the  equipotential  surface  in  the  direc- 
tion of  decreasing  potential.  The  sign  will  depend  upon  whether 
our  unit  normal  is  taken  in  the  direction  of  increasing  or  decreasing 
potential.  For  the  former  case  the  expression  for  the  potential 
gradient  will  be  positive  and  for  the  latter  negative.    By  refer- 
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ence  to  Pigs.  7  and  8  and  remembering  that  we  have  assumed 
the  tank  to  be  at  zero  potential  it  will  be  seen  that  we  have 
selected  the  differential  normal  d  n2  in  the  direction  of  decreasing 
potential  and,  therefore,  our  expression  for  the  potential  gradient 

will  be  —  4—  • 
a  n2 

We  have  seen  that  the  potential  at  any  point  in  space  is 
given  by  equation  (116)  and  is 

V  =  A  P  +  C 

Thus  the  potential  gradient  will  be 


-fT-AU  (124) 


where  d  n%  is  the  normal  to  the  surface  \x  =  /x0.  (a  constant), 
and  in  the  direction  of  decreasing  potential. 
In  order  to  determine  0  we  have  the  relation 


0  =  sech-1 

c 


Hence, 


d  0 


Now  we  have  seen  from  equation  (48)  that 

d  fx 


(126) 


dn2  =  ^  (126) 

tit 


Equation  (67)  gives  us  the  value  of 
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We  may  now  substitute  this  value  in  equation  (126)  and  we 
obtain 


Thus, 

d  n,      v  \»  -  /»* 

Combining  now  equation  (126)  and  (129)  we  have, 


(128) 


(129) 


or, 


d  V  =  I[d  p  dn 
d  nt        d  fid  «» 


4  c 


(180) 


(181) 


and 


d  V 
d  nt 


Ac 


(182) 


The  value  of  the  potential  gradient  at  any  point  in  space. 

The  value  of  the  constant  A  is  that  given  in  equation  (117) 
and  in  order  to  determine  the  values  of  p.  and  X  in  rectangular 
co-ordinates  we  have  the  relations  given  by  equations  (109)  and 
(111).  It  will  here  be  observed  that  the  potential  gradient  is 
independent  y  which  is  obvious  from  the  symmetrical  arrange- 
ment, that  is,  the  potential  gradient  will  be  similar  for  any  of 
the  diametral  planes  y  =  constant.    Thus,  we  may  write 


also, 


x  ■=  c  sec  a  sech  j3 
y  =  c  tan  a  tanh  f3 

X  «  c  sec  a 
H  =  c  sech  0 


(18S) 


(184) 


These  equations  in  combination  with  (132)  enable  us  to  calcu- 
late the  potential  gradient  at  any  point  in  space  in  rectangular 
co-ordinates.    (See  Fig.  9.) 
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Curves  op  Constant  Potential  Gradient 
The  curves  of  constant  potential  gradient  may  now  be  ob- 
tained by  putting 

-G-      //  (1S6) 


Then 


A  c 


=  ^  (1S6) 


Thus  for  any  given  condition  the  right  hand  side  of  equation 
(1S6)  is  a  constant.  If  we  now  substitute  the  values  of  X  and 
/*  as  given  in  equation  (134)  we  may  write 


sec  a  =  =fc 


or  for  purposes  of  calculation  we  may  put  for 
sech1  |8  =  1  —  tanh*  fi 

and  we  have 


I  f-V 

sec  a  -  ±  ^.(1  -  tanh*  ft)  +  (1  $)  (137) 

where  the  values  in  terms  of  x  and  y  are 

x  =  c  sec  a  sech  )3  1 

y  =  c  tan  a  tanh  0  J 

The  curves  of  constant  potential  gradient  as  calculated  from 
these  equations  are  shown  in  Fig.  13. 

Potential  Gradient  Along  the  X  Axis 
The  value  of  the  potential  gradient  at  any  point  along  the 

x  axis  between  the  origin  and  the  focus  may  be  obtained  from 

equation  (132)  as  follows: 
From  equation  (111)  we  have 

z  »  c  tan  a  tanh  f3 
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Now  when  z  =  0 

c  tan  a  tanh  /3  =  0 

and  since  c  tanh  /3  is  not  zero  we  have 

tan  a  =  0 
a  =  0 


Pig.  13 


Substituting  this  value  of  a  in  equation  (134) 

X  =  c 

and  further  upon  substituting  this  value  of  X  in  equation  (182) 
we  have 

_dV=Ac==_ 
d  n2     jiV  cs-  n* 

The  potential  gradient  along  the  x  axis. 
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Another  method  of  obtaining  the  same  result  is  to  observe 

dV 


that  the  potential  gradient  along  the  x  axis  is  merely  — 


since  the  hyperbolas  cut  the  x  axis  normally.  Thus  as  we  have 
seen 


Differentiating  with  respect  to  /x 


Also, 


dV  =  Ad_l 
d  ix        d  11 


/3  =  sech"1  — 
c 


Hence  differentiating 

dV      .  dji  _  -A 


d  ix 


d  ix     ixV  c*-  ix1 


Thus, 


dJV_ 
d  ix 


Ac 


fxV  c*-  ix* 


(139) 


which  is  identical  with  equation 
(138)  and  is  the  potential  gradient 
along  the  x  axis  between  the  origin 
and  the  focus.  The  potential 
gradient  curve  for  this  case  is  cal- 
culated and  plotted  in  the  curve 
Fig.  14. 

Testing  this  equation  for  the  values  /x  =  0  and  /x  —  c  it  will 
be  observed  that  the  potential  gradient  is  infinite  at  the  edge 
of  the  hole  in  the  plane  or  focus  and  at  the  origin  or  along  the 
z  axis.  A  minimum  value  of  the  gradient  will  exist  somewhere 
between  these  two  limits.    Its  value  will  be  found  in  the  usual 


Fig.  14 — Calculated  Poten- 
tial Gradient  between  Rod 
and  Edge  of  Plane 


manner  as 


dn\dn)  Uj 


Thus  differentiating  equation  (139)  with  respect  to  n  and  equa- 
ting the  result  to  zero  we  have 
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d  /i*         /**(**  ~Ma)3/2 


Ac[{c*-2n*)\ 
Ma  (6a  -  Ma)3/2 


Equating  to  zero  and  observing  that  A  c  is  not  zero  we  have 


Thus  the  minimum  value  of  the  potential  gradient  occurs  at 
this  point  which  is  about  71  per  cent  of  the  distance  from  the 
axis  towards  the  edge  of  the  hole  in  the  infinite  plane. 

The  potential  gradient  curve  enables  us  to  determine  the 
proper  size  of  central  electrode  so  as  not  to  over  stress  the 
dielectric.  Or  by  selecting  the  hyperboloid  which  we  choose  to 
represent  our  tank  with  hole  we  can  select  a  central  electrode 
which  has  the  same  value  of  the  potential  gradient  or  any  other 
value  which  we  may  desire  for  other  reasons.  Knowing  the 
characteristics  of  our  dielectric  used  we  can  determine  the 
puncture  voltage  of  the  apparatus,  etc. 

Solution  for  the  Tubes  of  Flow  or  Flux 
The  flux  or  flow  across  any  area  may  be  defined  as  the  surface 
integral  of  the  normal  component  of  the  flux  density,  and  as 
we  have  seen  from  equations  (56)  and  (57)  this  in  turn  is  equal 
to  the  normal  component  of  the  potential  gradient. 


2/i2 


c 


(140) 


y/2 


Thus, 


or 


s 


We  have  from  equation  (132) 
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We  also  have  for  the  values  of  d  nx  and  d  n%  or  d  St,  equation  (51) 

dS,  =  dnidn»  =  i£4^  (1*2) 

»i  At 

and  from  equations  (65)  and  (69)we  have 

_L  _  \/^ZZ 

h\  ~  X*-c» 

JL  =  Xm 

*S         C  (1  +  **) 

Substituting  these  values  in  (142)  we  get 

and  combining  in  equation  (141)  and  simplifying  we  get 

—  -3 —  d  SS  =    ,  %       _  dhdv 

d  »,  V\*-  c*(l  +  **) 

Integrating  the  first  part  between  the  limits  v  =  0  and  p  = 
we  have, 

^tan-V+tfJ*"*  =  -  tan-1^ 

and  since  Vo  may  have  any  value  we  can  neglect  it  as  far  as  the 
spacing  of  the  surfaces  of  flow  are  concerned.  Integrating  the 
second  part  between  the  limits  X  =  X0  and  X  =  Xi  we  have 
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That  is  we  have 

d  V 


,     d5»  =  i4(VXo*-c*- v/X,-cl) 

a  tit 


If  we  now  remember  that  from  equation  (109) 


X  =  c  sec  a 


we  may  write 


d  5i  =  -4  c  (V  sec?  c*o  —  1  —  V  ^ec2  ct\  —  1) 


(144) 

sec1  a  —  1  =  tan2  a 


Substituting  we  get 


—  j —  d  S2  =  A  (c  tan  a0  —  c  tan  <*i)  (145) 


But  it  will  be  observed  from  Fig.  9  that  c  tan  a  is  the  minor 
axis  of  an  oblate  spheroid,  and,  therefore,  for  equal  tubes  of 
flow  the  surfaces  will  have  any  constant  spacing  on  the  minor 
axis  of  the  spheroid.    (See  Pigs.  12  and  13.) 

In  the  above  work  we  have  obtained  the  solution  of  the  electro- 
static problem  in  which  any  two  confocal  hyperboloids  of  revo- 
lution of  one  sheet  and  of  the  same  family  are  maintained  at 
definite  potentials.  The  solution  of  this  problem  should  be  of 
interest  to  engineers  as  it  furnishes  us  with  a  solution  which 
may  be  applied  as  an  approximation  to  many  engineering  prob- 
lems. For  example,  it  is  a  useful  guide  in  studying  the  high- 
voltage  bushing  problem;  it  also  gives  us  an  interesting  variety 
of  possible  electrode  shapes  for  use  in  testing  insulating  materials, 
where  it  is  very  desirable  to  be  able  to  calculate  the  gradients, 
etc.,  etc. 

Another  problem  which  should  also  be  of  considerable  in- 
terest to  engineers  is  the  case  when  any  two  confocal  hyper- 
boloids of  revolution  of  two  sheets  and  of  the  same  family  are 
maintained  at  definite  potentials.  The  solution  of  this  problem 
may  be  applied  as  an  approximation  to  another  group  of  prob- 
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lems  which  are  of  frequent  occurrence  in  engineering.  For 
example,  it  may  be  applied  to  switch  electrodes  at  various 
spacings;  also  as  an  approximation  in  vacuum-tube  designs, 
such  as  X-ray  tubes,  kenotrons,  etc.  That  is,  it  is  an  approxi- 
mation to  the  group  of  problems  of  two  elongated  electrodes  at 
various  spacings,  or  such  as  an  electrode  and  a  plane  {i.e.,  two 
needle  points  or  a  needle  and  a  plane). 

The  solution  for  this  case  is  obtained  in  exactly  the  same 
manner  as  that  described  above  except  that  in  this  case  we 
select  as  our  standard  ellipsoid  the  prolate  spheroid  and  express 
Laplace's  equation  in  normal  prolate  spheroidal  co-ordinates. 

Two  other  problems  namely,  the  distribution  of  the  electro- 
static field  about  the  charged  oblate  or  prolate  spheroids  are 
obtained  in  exactly  the  same  manner. 


Fig.  15 — Intersection  of  Prolate  Spheroid,  Confocal  Hyperboloid 
of  Two  Sheets  and  a  Plane  through  the  Axis  of  Rotation 

Normal  Prolate  Spheroidal  Co-ordinates89 
In  this  case  we  take  for  our  standard  ellipsoid  the  prolate 
spheroid,  the  axis  of  rotation  is  then  the  major  axis  and  our 
plane  must  contain  that  axis.  Taking  the  x  axis  as  axis  of 
rotation  and  the  XY  plane  as  plane  of  reference  we  have  for 
the  equation  of  our  three  orthogonal  surfaces  the  following. 


z 


(See  Fig.  15). 


X2-62 


+ 


X2-  6* 


=  0 


(146) 


M2         fjp  —  b2        /A2  —  b2 


=  0 


z  —  v  y  =  0 


39.  See  Byerly  Fourier's^Series  and  Spherical  Harmonics,  page  243, 
from  which  this  discussion  has  been  taken. 
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where  X*  >  b*  >  /** 

Here,  b,  is  the  semi-major  axis  of  the  prolate  spheroid. 
Solving  the  three  equations  simultaneously  for  the  values  of 
xt  y,  z  as  functions  of  X,  fi  and  v  as  we  did  in  the  oblate  spher- 
oidal problem,  and  then  differentiating  these  partially  with 
respect  to  X,  /i  and  v  we  will  have  functional  equations  as  before, 
namely; 


and  similar  relations  for  x,  y,  z  with  respect  to  /i  and  v. 
We  also  have  as  before 


d  x 

a* 


ft  (X.  M»  *) 


d  y 


ft  (X,  n,  v) 


/»  (X,  Mi  ») 


and  obtain  the  following  values 


X1-  b* 
X*  -  m* 


X*  -  M* 


(147) 


y  (1  +  ?)* 
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dn% 


X'- 

M* 

X»- 

ft* 

x«- 

M* 

V- 

M* 

(148) 


dM  _«<  >_  A/(x»-y)(y-^ 


and  Laplace's  equation  in  terms  of  our  spheroidal  co-ordinates 
X,  n  and  v  becomes. 


ft*  (1+  v*)  d  X  '  &  X  J     6*  (1  +  v*)     d  m 


n.,_      5  FT  X*-  n*  d 

L       M ;  d  m  J      (X*  -  **)  (ft*  -  n*)bv 

[(1  +  "*>  Iv]  =  0  (149) 


and  reduces  in  exactly  the  same  manner  as  the  oblate  spheroid 
problem  to 

i   y  v      i   y  v       x»-  m*     y  r  =  n 

X*-  ft*d  a*  +  ft*-  M*d  jS*"1"  (X*-  ft*)  (ft*-  /**)  d  7* 

(160) 


Where 


da  —  — 


X*-ft* 


d  X 


<f  0  » 


6*-  /x* 


d  n 


(151) 
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Substituting  these  values  in  equation  (168)  we  get 
C-0  | 

A  -  F» 

t 

Thus  we  may  write  our  solution  under  these  boundary  conditions 
simply  as 

V  =  A  0  (WO) 

or  since  (3  =  tanh"1  -j- 


0         10        20        JO        40        90        10         70        W        90  100 

* 

Pig.  17 — Calculation  of  Potential  Distribution  along  the  X-Axis 
we  may  write  it  in  terms  of  /*  and  b  as  follows. 

V  =   -  tanh"1  (161) 

tanh-  4^  * 

This  equation  enables  us  to  calculate  the  potential  at  any  point 
along  the*  axis  between  the  foci  and  has  been  plotted  in  Pig. 
17. 

A  diagram  of  the  field  has  been  constructed  in  the  same  manner 
as  described  above  for  the  oblate  problem.    (See  Pig.  18) 
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Potential  Gradient  at  any  Point  in  Space 
The  potential  gradient  will  be 


d  V  =  d  0 
d  n%        d  tit 


(162) 


where  d  n%  is  the  elementary  normal  to  the  surface  of  the  hyper- 

d  V 


boloid  (say  for  /x  =  /x0)  under  consideration.    The  sign 


d  nt 


V.0V-1     3  4  5   6  7    8   9  10  11  12  13  14  15    16  17    18    19    20    21  22 


23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

$ 

38 
40 

«*. 
50 


which  expresses  the  potential  gradient  is  here  taken  as  positive 
that  is,  d  n%  is  assumed  to  be  in  the  direction  of  increasing 
potential. 

In  order  to  determine  0  we  have  the  relation 


Hence, 


0  =  tanh"1 


11  b 
dfi  ~  6*-  y? 


(183) 
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djx 
ht 


and 


dn%  = 


d  fx 
d  ni 


b*- 

'V- 

(164) 


X«  -  m* 

Thus  for  the  gradient  we  have  from  equations  (163)  and  (164) 

d  V  =  A  d  p  d/x  =  _b 
d  »t        d  fid  nt  b* 

Simplifying 


V  -  /z*      X*  -  /i* 


d  y  =  

d  n*  V(ft*-M*)(X*-M*) 


(165) 


which  is  the  potential  gradient  at  any  point  in  space.  It  is 
observed  that  the  potential  gradient  is  independent  of  7  as  is 
obvious  from  the  symmetry  of  the  problem.  We  may,  therefore, 
express  the  potential  gradient  at  any  point  in  space  in  rectangu- 
lar co-ordinates  with  the  help  of  the  following  relations  (See 
Pig.  16). 

X  =  b  coth  a 


and 


/i  =  b  tanh  j8 

x  =  b  coth  a  tanh  )3 

y  *=  b  csch  a  sech  /3 


Curves  of  Constant  Potential  Gradient 
The  curves  of  constant  potential  gradient  may  now  be  ob- 
tained by  putting  equation  equal  to  the  various  constant  values 
desired. 
Thus, 

dV      £  _  Ab 

d  nt  v/(&2-M*)(X*-/i*) 


V(6'-M2)(X*-/x2) 


(166) 
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Thus  for  any  given  condition  and  value  of  potential  gradient 
G  the  right  hand  member  of  this  equation  is  a  constant. 

If  we  now  substitute  the  values  of  X  and  /j  we  may  write  it 
for  the  purpose  of  calculation. 


cotha-  ±v/tanh*/3  +  ^g 


V'0V-12  3   4    5   6   7    8    9  10  11  12  13  14  15  16  17    18   19    20    21  2* 


or  if  tables  of  sech2  /3  are  not  available  we  can  write  it 


coth  a  —  ± 


tanh*  0 


^  l-tanh*/3 


(167) 


The  values  of  x  and  y  are 

x  =  b  coth  a  tanh  /3 
y  =  b  csch  a  sech  0 

The  curves  of  constant  potential  gradient  as  calculated  from 
these  equations  are  shown  in  Fig.  19. 
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Potential  Gradient  Along  the  X  Axis 
The  value  of  the  potential  gradient  at  any  point  along  the 
x  axis  between  the  origin  and  the  foci  may  be  found  directly 

d  V 

from  the  general  equation  (165)  or  independently  as 
It  is  the  value  obtained  when  y  =  0 
y  =  0  =  ft  coch  a  sech  a 
and  since  ft  sech  &  is  not  zero  we  have 
csch  a  =  0 
1 


sinh  a 


=  0 


a  =  oo 

Substituting  this  value  in  the  equation 
X  =  b  coth  a 


we  have 
and 


coth  oo  =  l 
X  =  ft 


Hence  substituting  X  =  ft  in  our  PlG  20-Calculatbd  Po- 
equation  (166)  for  the  potential  tential  Gradient  along 
gradient  we  get  the  X-Axis 


d  V 


Ab 


Ab 


(168) 


d  n%     V  (ft«  -  /**)  (ft*  -  /**)     ft*  -  M* 

for  the  value  of  the  potential  gradient  along  the  x  axis  between 
the  foci.    The  curve  is  shown  in  Fig.  20. 

Solution  for  the  Tubes  op  Flow  op  Flux 
The  total  flux  across  any  area  may  be  defined  as  the  surface 
integral  of  the  normal  component  of  the  flux  density;  in  the 
case  of  air  dielectric,  flux  density  and  gradient  are  equivalent. 
We  may,  therefore,  write  it 
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we  have  seen  that 

d  V  =  Ab 

d  n2  V(6»-M»)(Xl- 


Substituting  these  values  and  simplifying  we  get 

As  far  as  the  spacing  of  the  surfaces  of  flow  is  concerned  we  may 
neglect  the  integration  with  respect  to  v  by  reason  of  the  sym- 
metry of  the  tubes  of  flow  about  the  axis  of  rotation. 
We  thus  have, 

But  we  have  seen  that 

X  =  b  coth  a 

also  that  b  coth  a  is  the  major  semi-axis  of  the  prolate  spheroids. 
Therefore,  equal  tubes  of  flux  will  be  obtained  by  taking  equal 
spaces  along  the  major  axis  of  the  spheroids.  (See  Pigs.  18 
and  19). 
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Discussion  on  "An  Experimental  Method  op  Obtaining 
the  Solution  op  Electrostatic  Problems  With  Notes 
on  High- Voltage  Bushing  Design/*  (Rice).  New  York, 
N\  Y„  November  9,  1917. 
Ralph  Mershoa:   There  is  one  matter  on  which  I  shall  be 
glad  if  Mr.  Rice  can  give  us  some  Ught.   That  is,  as  to  what 
will  happen  in  case  the  bushing  has  an  arc-over  backed  up  by 
considerable  power;  and  as  to  what  work,  if  any,  has  been  done 
in  devising  means  of  protecting  bushings  from  the  effect  of  power 
arcs.    This  is  a  subject  which  is  not  perhaps  immediately  ger- 
mane to  Mr.  Rice's  paper,  but  which  certainly  is  germane  to 
the  matter  of  bushings  and  insulators.    It  is  a  subject  which 
has  interested  many  of  us  for  a  long  time. 

Some  time  ago  I  conceived  the  idea  that  if  we  could  build  an 
insulator  in  the  form  of  a  framed  structure  the  members  of 
which  were  made  up  of  units  of  massive  porcelain  we  would 
have  an  insulator  which  it  would  be  impossible  to  puncture 
and  that  if  the  members  were  so  arranged  that  in  case  of  a  flash- 
over  the  resulting  power  arc  could  rise  freely  from  them,  we 
would  have  an  insulator  which  would  also  be  free  from  damage 
by  power  arcs. 

After  a  great  deal  of  difficulty  I  succeeded  in  having  made  out 
of  porcelain  the  units  for  constructing  the  members  of  the  struc- 
tural insulator.  These  units  were  made  up  of  solid  porcelain, 
with  comparatively  small  petticoats;  they  each  had  a  net  length 
of  about  nine  inches.  They  were  connected  together  end  to 
end  to  form  the  structural  member  by  cementing  the  ends  into 
metal  collars.  The  shape  of  the  completed  member  was  a  good 
deal  that  of  the  outside  of  the  bushing  shown  in  Pig.  3  of  Mr. 
Rice's  paper.  The  manufacture  of  the  units  involved  the  pro- 
duction of  massive  porcelain  absolutely  free  from  flaws  and  hav- 
ing a  high  tensile  strength.  The  units  as  constructed  could  be 
flashed  over  indefinitely  under  oil  without  puncture.  They  had 
a  strength  in  tension  of  from  13,000  to  16,000  pounds,  which 
meant,  as  I  remember  it,  a  unit  stress  of  about  2000  pounds  per 
square  inch. 

These  insulators  tested  out  very  nicely  with  a  testing  trans- 
former. It  was  absolutely  impossible  to  puncture  them,  and 
the  arc  following  a  flash-over  immediately  rose  from  the  surface 
of  the  insulator,  as  contemplated.  But  when  the  insulators 
were  subject  to  a  flash-over  backed  up  by  large  power  capacity 
the  story  was  an  entirely  different  one. 

Through  the  kindness  of  the  Pennsylvania  Water  &  Power 
Company  a  portion  of  their  generating  plant  was  put  at  my 
disposal  for  power  arc  tests.  A  test  was  made  on  several  of 
the  porcelain  units  above  described,  assembled  as  they  would  be 
in  one  member  of  a  structural  insulator.  This  structural  member 
was  placed  in  a  horizontal  position  and  arcs  started  across  its 
surface  by  means  of  fine  wire  fuses.  In  every  case  the  arc 
instead  of  rising  from  the  porcelain  units  as  it  had  done  in  the 
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case  of  testing  transformers,  and  as  it  seemed  to  me  it  ought  to, 
would  not  rise  at  all.  It  hugged  in  close  against  the  petticoats 
and  peeled  them  off,  one  by  one.  If  the  arc  was  allowed  to 
continue  long  enough,  it  took  pieces  from  the  porcelain  core, 
after  having  denuded  it  of  the  petticoats.  The  endeavor  was 
made  to  protect  the  units  from  the  power  arc  by  arcing-rings, 
or  similar  devices,  but  without  success.  The  power  arc  in  every 
case  stubbornly  persisted  in  clinging  close  to  the  surface  of  the 
porcelain  units.  I  have  never  been  able  to  satisfactorily  account 
for  the  peculiar  behavior  of  the  power  arcs  in  this  experiment, 
or  to  explain  why  the  behavior  should  be  so  different  in  the  case 
of  heavy  power  arcs  and  the  light  arcs  obtained  from  a  source 
of  limited  capacity. 

In  the  case  of  the  bushing  shown  in  this  paper,  which  will 
presumably  be  used  on  transformers,  switches,  etc.,  to  go  out 
of  doors,  and  which  may  arc  over  at  times,  no  matter  how  care- 
fully they  may  be  designed  or  how  great  their  factor  of  safety, 
I  wonder  what,  if  any,  provision  is  contemplated  to  protect 
them  from  the  effects  of  an  arc  backed  up  by  a  lot  of  power. 
If  it  is  intended  that  they  shall  not  arc  over  at  all,  we  might 
recall  some  of  the  experiences  we  have  had  in  the  past  with 
apparatus  which  was  not  going  to  do  certain  things. 

C.  O.  Mailloux:  The  method  described  by  the  author,  aside 
from  its  practical  value  as  a  means  of  graphical  representation 
of  the  distribution  of  points  of  equal  stress  and  of  the  course  of 
the  lines  of  action  of  force  and  energy  between  points  having 
different  degrees  of  stress,  is  of  the  highest  theoretical  interest. 

The  author  has  made  a  very  important  contribution  to  our 
working  tools  in  physics,  and  to  our  methods  of  dealing  with 
fields  of  force  and  their  distribution  in  space.  We  find,  in  this 
paper,  what  is  perhaps  the  first  instance  where  engineers  have 
been  called  upon  to  make  personal  acquaintance  with  the  well 
known  and  time-honored  "Equation  of  Laplace."  I  do  not 
remember  ever  having  seen,  before,  a  paper  not  on  a  distinctly 
and  purely  physical  subject  in  which  that  equation  made  its 
appearance.  Anybody  who  has  studied  the  potential  function 
and  who  has  made  a  passing  acquaintance  with  Laplace's 
equation  has  acquired  a  great  respect  for  it.  He  has  learned 
that  it  is,  indeed,  a  most  wonderful  means  of  analysis  and  a 
most  potent  tool  for  the  physicist.  It  is  agreeable  to  find  that 
it  will  no  longer  be  monopolized  by  the  physicist,  but  that  the 
electrical  engineer  is  now  going  to  make  use  of  it.  If,  fifteen  or 
twenty  years  ago,  anyone  had  said  that  the  electrical  engineer 
would  some  day  be  able  to  handle  the  potential  function  and 
to  use  Laplace's  equation  as  beautifully  and  as  effectively  as  it 
is  done  in  this  paper,  he  would  not  have  been  believed. 

It  is  especially  in  the  study  of  fields  of  force  in  tri-dimensional 
space, — the  most  interesting,  but  also  the  most  difficult  field  of 
physical  research — that  the  equation  of  Laplace  has  proved  a 
most  wonderful  instrument  to  the  mathematical  physicist.  It 
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has  done  this  by  virtue  of  certain  remarkable  properties  which 
enable  it  to  render  valuable  aid  in  the  specification  and  the  de- 
termination of  the  physical  conditions  obtaining  in  fields  of 
force  at  the  stage  of  action  of  the  forces  involved*  at  which  a 
state  of  balance  or  equilibrium,  either  transitional  or  permanent, 
occurs.  Its  range  of  adaptability  to  fields  of  force  problems  is 
very  great,  being,  indeed  limited  only  by  the  mathematical 
knowledge  and  skill  employed  in  its  use.  It  can,  theoretically, 
be  applied  to  fields  of  force  in  which  the  lines  of  force,  or  the 
lines  of  flow  of  energy,  follow  paths  of  the  most  diversified  char- 
acter from  the  simplest,  like  straight  parallel  lines,  to  the  most 
complex,  like  some  of  the  cases  discussed  in  the  paper. 

What  interested  me  very  much  is  the  very  ingenious  develop- 
ment of  methods  by  which  the  author,  starting  from  the  consid- 
eration of  Laplace's  equation  in  ordinary  rectangular  coor- 
dinates, develops  and  applies  it  to  a  very  complex  system  of 
coordinates,  designated  as  "Normal  prolate  spheroidal  co- 
ordinates." That  may  be  an  awe-inspiring  name  to  many  of 
you,  but  it  is  a  name  well  worth  becoming  familiar  with.  Even 
though  it  may  take  some  time  and  study  to  learn  all  of  the 
mathematics  which  precede  it,  it  is  well  worth  while.  Laplace's 
equation  has,  as  I  just  said,  some  remarkable  properties;  and 
one  of  its  most  remarkable  properties,  is  that  it  enables  phys- 
icists to  reason  about  the  phenomena  incidental  to  the  action 
of  physical  forces,  and  to  reach  absolutely  logical,  rigorous, 
scientific  and  true  conclusions  without  the  need  of  any  postu- 
lates or  any  assumptions  as  to  the  intervening  media,  in  other 
words,  as  to  the  nature  and  properties  of  the  ether  or  of  any 
medium  in  space  through  which  force  acts,  and  in  which  fields 
of  force  are  produced  by  physical  forces.  It  was,  in  my  opinion, 
one  of  the  great  achievements  of  Laplace,  that  he  was  able  to 
devise  an  instrument  of  thought,  an  instrument  of  mathematical 
analysis,  the  use  of  which  was  independent  of  any  such  com- 
plicated, worrisome  and  perplexing  postulates.  With  Laplace's 
equation,  used  in  each  case  in  manner  suitable  for  the  purpose 
in  view,  it  is  possible  to  deal  with  the  distribution  of  force  under 
a  great  variety  of  circumstances,  to  determine  exactly  what  is 
going  to  happen,  and  to  obtain  very  interesting,  useful  and 
beautiful  results. 

The  interesting  feature  of  the  mathematical  part  of  this  paper 
is  that  by  the  modification  of  the  system  of  co-ordinates  which 
the  author  has  worked  out,  he  is  able  to  apply  and  utilize  La- 
place's equation  in  the  study  of  the  distribution,  flow,  and  ap- 
portionment of  forces  under  conditions  where  the  lines  of  flow 
are  no  longer  as  you  would  find  them  in  space  which  is  free  from 
all  constraints  or  boundary  conditions,  but  such  as  they  are  in 
certain  special  conditions,  where  the  field  is  distorted  by  con- 
straints* and  barriers,  causing  various  reactions,  as  described  in 
the  paper  and  as  shown  in  the  diagrams. 

The  author's  initial  statement  in  the  Appendix  is  almost  con- 
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tradicted  by  the  fact  that  he  himself  has  seemingly  succeeded 
in  finding  solutions  of  Laplace's  equation,  which  do  fulfill  at 
least  some,  if  not  all,  of  the  arbitrary  conditions  involved  in 
the  problems.  Further  success  and  a  nearer  approach  to  the 
goal  will  result,  presumably,  from  further  modifications  of  co- 
ordinate systems  still  better  adapted  than  those  thus  far  de- 
veloped and  used  for  expressing  the  points  of  freedom,  and  the 
constraints  necessary  in  the  given  case. 

In  conclusion,  I  consider  this  one  of  the  most  interesting 
mathematical  papers  that  has  been  presented  before  the  Ameri- 
can Institute  of  Electrical  Engineers  in  a  long  time.  It  is 
interesting,  not  only  on  account  of  the  useful  application  made 
to  an  immediate  practical  purpose,  but  also  because,  it  shows  a 
new  development  and  an  extension  of  a  method  of  using  the 
equation  of  Laplace,  and  at  the  same  time  contains  ideas  which 
may  be  followed  by  others,  and  may  lead  to  still  further  exten- 
sions of  the  method,  so  that,  in  presenting  a  new  method  of 
study  of  phenomena  occurring  in  fields  of  force,  the  author  has 
incidentally  made  a  very  interesting  contribution  to  applied 
mathematics. 

John  B.  Taylor:  I  am  rather  curious  to  know  how  you  get 
such  beautiful  curves  in  a  method  where  the  devices  introduced 
for  observing  the  quantity  you  want  to  know,  change  the  condi- 
tions under  which  you  are  working;  that  is,  how  is  it  possible  to 
get  this  exploring  point  all  through  the  medium  without  making 
apparent  a  change  in  conditions.  It  is  trite  to  say  when  you  put 
a  voltmeter  in  the  circuit  you  shall  not  draw  so  much  current 
that  the  voltage  is  made  different,  or  that  an  ammeter  shall  not 
have  so  much  resistance  that  the  current  is  changed.  In  acous- 
tics we  have  difficulty  in  determining  the  form  of  vibration  in  the 
air,  because  the  diaphragm  usually  changes  the  vibration  at  that 
particular  point,  and  doubtless  similar  difficulties  exist  here, 
and  I  will  be  glad,  if  it  is  not  covered  in  the  paper,  to  hear  a  word 
in  reply  as  to  how  that  has  been  regarded. 

A.  M.  Gray:  I  have  had  considerable  success  with  the  follow- 
ing photographic  method  of  obtaining  the  dielectric  flux  lines 


voltage  was  applied  across  the  insulation  by  opening  the  direct- 
current  circuit.  No  flash  was  visible  but  on  developing  the 
plate  the  flux  lines  showed  up  beautifully. 


Fig.  1 


in  two-dimensional  problems. 
To  obtain  the  stress  distribution, 
in  slot  insulation,  for  example, 
a  model  of  part  of  the  slot  and 
conductors  was  made  of  metal  as 
shown  in  Pig.  1,  and  placed  on  a 
photographic  plate,  the  two 
pieces  were  connected  to  the 
high-voltage  terminals  of  a 
transformer,  the  low-tension  side 
of  which  was  excited  by  direct 
current,  and  an  impulse  of  high 
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To  test  whether  or  not  this  picture  is  a  true  representation  of 
the  stress  distribution,  two  or  three  simpler  cases  were  tried 
which  could  be  solved  mathematically,  and  the  agreement  was 
such  as  to  justify  the  use  of  this  experimental  method  for  more 
complicated  cases. 

The  application  of  the  method  to  the  three-dimensional  prob- 
lem of  a  rod  passing  through  a  plate  would  be  more  difficult. 
A  small  sector  parallel  to  the  lines  of  flux  would  have  to  be  placed 
in  the  field  and  made  of  material  which  had  the  same  permittivity 
as  the  film,  the  stress  distribution  due  to  a  transient  voltage,  as 
well  as  that  due  to  the  contant  potential  from  a  static  machine, 
could  then  be  determined. 

Charles  L.  Fortescue :  In  his  text  the  author  has  several  times 
refeited  to  the  paper  by  Mr.  Farnsworth  and  myself  on  "Air  as 
an  Insulator  in  the  Presence  of  Insulating  Bodies  of  Higher 
Specific  Inductive  Capacity."  The  object  of  that  paper  was  to 
show  that  dielectrics  even  though  far  from  ideal  do  not  substan- 
tially weaken  the  air  path  in  contact  with  them,  provided  these 
dielectrics  are  introduced  into  the  field  in  such  a  manner  that  no 
distortion  is  produced.  Several  errors  crept  into  the  paper, 
chiefly  due  to  the  limited  time  available  for  carrying  out  the 
work.  Among  those  errors  is  that  one  pointed  out  by  Mr.  Rice 
in  the  present  paper,  namely,  the  use  of  circles  for  cross-sections 
of  equipotential  surfaces  for  the  rod  and  ring  problem.  It  was 
the  original  intention  to  work  out  the  proper  solution  by  the  trial 
and  error  method,  which  Mr.  Rice  has  described  in  his  paper 
and  the  system  of  circles  was  taken  as  a  first  approximation, 
but  the  work  proved  so  laborious  that  it  was  finally  given  up  on 
account  of  lack  of  time. 

While  it  would  be  extremely  interesting  from  a  theoretical 
point  of  view  to  obtain  a  solution  of  Laplace's  equation  which 
could  be  applied  to  any  boundary  conditions,  it  is  more  important 
from  an  engineering  point  of  view  to  obtain  a  simple  and  accurate 
experimental  method  for  determining  the  equipotential  surfaces 
and  flow  lines  for  any  system  of  insulated  bodies.  Mr.  Rice's 
work  is  a  valuable  contribution  in  this  direction. 

The  principles  outlined  in  our  original  paper  have  been  k  great 
aid  to  me  in  determining  the  best  form  for  insulating  structures, 
but  the  lack  of  facilities  for  plotting  the  field  form  experimentally 
have  been  a  great  drawback.  I  hope  to  be  able  to  set  up  a  per- 
manent outfit  for  carrying  out  such  work  in  the  future. 

Referring  to  Mr.  Rice's  criterion  for  maximum  efficiency  in  an 
insulator  combining  air  and  other  materials,  I  wish  to  remark 
that  it  is  the  same  as  that  given  by  us  in  our  paper,  although  Mr. 
Weed  among  others,  seems  to  find  in  the  paper  a  general  state- 
ment to  the  effect  that  any  surface  following  a  line  of  force  was 
the  strongest  surface.  What  was  actually  intended,  and  I  think 
brought  out  clearly  in  that  paper,  was  the  principle  that  the  sur- 
face of  the  insulating  body  should  conform  to  some  system  of 
^ow  lines  and  the  electrodes  should  be  so  designed  as  to  make  the 
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intensities  along  the  surface  as  nearly  uniform  as  possible.  It 
appears  probable  that  when  substantial  uniformity  of  stress  is 
not  present,  it  may  be  obtained  by  slightly  deforcing  the  insula- 
tion from  the  shape  of  the  flow  line. 

Referring  to  Mr.  Rice's  calculation  for  the  arcing  over  of  the 
rubber  test  piece  described  in  our  paper,  I  regret  to  have  to 
inform  him  that  his  conclusions  do  not  agree  with  results  of  tests 
and  since  perhaps  the  original  statement  in  otir  paper  for  the 
breakdown  of  this  test  piece  led  him  astray,  we  owe  him  some 
explanation.  The  original  test  was  made  on  a  very  jumpy  cir- 
cuit, as  Mr.  Chubb  and  I  found  to  our  great  discomfort  when 
calibrating  the  sphere  gaps.  The  value  quoted  was  the  lowest 
value  obtained,  whereas,  as  I  have  pointed  out  in  connection  with 
the  sphere-gap  calibrations,  on  such  a  circuit,  with  apparatus  on 
tests  of  such  a  character,  the  high  values  are  the  correct  ones  to 
use,  as  the  low  ratios  are  due  to  surges  which  the  measuring  de- 
vices do  not  record. 

We  found  on  this  test  piece  that  it  did  not  make  any  appreci- 
able difference  in  breakdown  voltage  if  it  were  dirty  or  not.  We 
let  it  lie  on  the  floor  for  three  months  to  accumulate  a  heavy 
coating  of  dust,  and  it  tested  just  as  high  as  when  clean. 

Later  on,  the  electrodes  were  carefully  re-cemented  in  such  a 
way  as  to  do  away  with  the  possibility  of  air  pockets,  etc.,  and 
when  tested  again  under  better  conditions  the  breakdown  value 
by  ratio  lay  between  180  kv.  and  190  kv.  With  proper  correc- 
tions for  crest  value,  this  would  represent  an  effective  value  of 
somewhere  between  197,000  and  218,000  volts.  Tests  on  this 
test  piece  were  witnessed  by  a  number  of  people,  among  them 
Prof.  H.  J.  Ryan  and  Mr.  Lieb. 

I  wish  to  take  this  opportunity  to  correct  some  wrong  con- 
ceptions that  have  formed  in  connection  with  the  condenser 
terminal.  In  some  cases  wrong  descriptions  have  appeared  in 
books  on  electric  theory.  I  consider  it  rather  regrettable  that 
authors  do  not  take  the  trouble  to  inform  themselves  as  to  the 
correctness  of  the  information  before  presenting  it.  The  con- 
denser terminal  is  made  with  equal  increments  of  length  of  the 
metallic  cylinders  for  equal  increments  in  their  potential.  Thus 
the  adjacent  pairs  of  cylinders  have  all  the  same  capacity  and 
decrease  in  length  by  equal  steps  as  their  diameter  increases. 

In  my  paper  on  "The  Application  of  a  Theorem  of  Electro- 
statics to  Insulation  Problems,"  I  called  attention  to  a  theorem 
of  electrostatics  which  is  of  much  broader  scope  than  that  out- 
lined by  the  first  paper.*  (Mr.  Fortescue  then  read  an  extract 
from  his  paper  referred  to,  followed  by  an  extract  from  Maxwell's 
work.f 

Engineers  would  do  well  to  give  this  paragraph  careful  con- 
sideration, as  it  presents  great  possibilities  in  the  design  of 


*  A.  I.  E.  E.  Trans.  1913,  Vol.  XXXII,  Part  I,  p.  907. 
1 1904  Edition,  Chapter  VII,  Art.  117. 
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insulating  structures.  Among  the  most  noteworthy  of  the  appli- 
cations of  this  principle  are  the  suspension  type  insulator  and 
the  condenser  terminal.  The  principle  of  design  of  the  latter 
may  be  presentee!  as  follows :  Consider  a  cylinder  passing  through 
a  zero  potential  plate  whose  thickness  can  be  varied  at  will,  and 
let  us  suppose  the  two  ends  of  the  cylinder  to  have  conductors 
of  a  given  form,  for  simplicity  let  us  take  infinite  planes  parallel 
to  the  plate,  at  each  end.  We  shall  first  consider  the  region 
between  the  plates  as  having  zero  specific  inductive  capacity  and 
let  us  consider  an  imaginary  field  of  uniform  strength  mapped 
out  in  this  region,  conforming  to  that  which  would  exist  if  the 
cylinder  were  not  present.  In  order  to  present  a  surface  around 
this  cylinder  having  at  all  points  the  same  potential  as  the  as- 
sumed field,  the  dielectric  must  have  the  following  characteristics : 

(1)  Radially  it  must  be  a  perfect  dielectric; 

(2)  Axially,  it  must  be  a  perfect  conductor. 

With  a  dielectric  of  these  characteristics,  the  bounding  sur- 
face may  be  so  formed  that  the  equipotential  surfaces  of  the  same 
value  in  the  region  between  the  rod  and  bounding  surfaces  will 
coincide  with  those  in  the  region  between  the  two  plates,  external 
to  the  dielectric.  If  the  external  region  has  a  finite  specific 
inductive  capacity  there  will  be  a  displacement  current  necessary 
in  an  axial  direction  from  the  external  region  into  the  dielectric 
body.  This  will  require  a  slight  modification  of  the  surface  of 
the  dielectric  to  take  care  of  this  additional  displacement,  which 
must  eventually  pass  radially  through  the  outer  cylinders  and 
plate.  It  is,  of  course,  impracticable  to  obtain  such  a  dielectric, 
although  there  are  many  ways  in  which  it  may  be  approximated, 
one  of  them  being  the  use  of  a  system  of  coaxial  conductors  cy- 
lindrically  imbedded  in  the  insulation.  The  external  surfaces 
should,  of  course,  be  infinite,  but  in  most  cases  they  extend  far 
enough  to  give  satisfactory  results.  The  dielectric  surrounding 
the  rod  is  not  uniformly  stressed,  nor  is  it  desirable  that  it  should 
be;  on  the  contrary  the  inner  portion  should  be  stressed  more 
lightly  than  the  outer,  as  the  heat  set  up  by  the  dielectric  losses 
must  be  conducted  out  of  the  dielectric. 

If  the  writer  of  the  paper  had  made  use  of  this  theorem,  he 
would  naturally  have  been  led  to  design  his  dielectric  and  system 
of  conducting  bodies  so  as  to  give  the  most  favorable  distribu- 
tion irf  the  external  region,  and  he  would  have  reached  a  different 
conclusion. 

Some  tests  were  made  a  few  years  ago  on  glass  rods  between 
plates  by  students  at  Worcester  Polytechnic  Institute,  and,  as 
I  recall  them,  these  tests  were  quite  satisfactory  in  establishing 
the  non-interference  of  the  surface  of  high  specific  inductive 
capacity  material  on  the  breakdown  value  between  plates. 

I  have  recently  obtained  excellent  results  with  porcelain, 
though  not  so  good  as  with  moulded  or  machined  materials. 
The  less  satisfactory  results  with  this  material  seem  to  be  due 
irregular  form  of  the  contact  surfaces  between  the  con- 
\nd  the  dielectric. 
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E.  DeWitt  Eby:  With  reference  to  the  matter  in  the  general 
statement  for  an  ideal  bushing,  I  wish  to  comment,  perhaps  take 
exception  to  Mr.  Rice's  statement,  that  in  an  ideal  bushing  all 
of  the  dielectric  is  stressed  uniformly  with  respect  to  its  strength, 
that  is,  that  it  will  all  begin  to  break  down  at  the  same  time. 
This  would  mean  there  would  be  little  energy  consumption  up 
to  the  time  of  rupture  or  breakdown.  It  would  mean,  second- 
arily, that  under  impulse  conditions  the  arc-over  would  be  very 
little  different  from  that  under  low-frequency  stresses.  In 
actual  operation  or  in  practise,  the  low-frequency  stresses  to 
which  the  bushing  is  subjected  are  as  a  rule  definitely  related  to 
the  operating  potential,  whereas  the  impulse  or  lightning  stresses 
are  not  necessarily  related  to  the  line  potential,  outside  of  their 
limitation  by  line  insulation.  Therefore,  it  appears  to  me  that 
a  better  relation  of  the  stresses  would  prevail,  if  instead  of  all 
the  insulation  breaking  down  uniformly  or  at  the  same  time,  a 
part  of  it  should  begin  to  break  down,  preferably  so  that  it  would 
not  destroy  or  damage  the  bushing.  For  instance,  the  surround- 
ing air  should  break  down  earlier  than  the  rest  of  the  structure. 
In  that  way  energy  consumption  would  take  place  which  would 
precede  the  total  breakdown,  and  increase  the  ratio  between 
the  impulse  and  the  low-frequency  arc-over. 

I  wish  to  emphasize,  or  add  my  approval,  to  the  conditions 
for  the  design  of  bushing  which  Mr.  Rice  sets  forth,  that  it  should 
arc-over  without  puncture,  at  both  low  frequencies  and  impulses, 
and  that  it  should  do  this  without  damage  to  the  insulation;  also 
that  it  should  have  a  high  wet  arc-over  with  respect  to  its  dry 
arc-over  value,  and,  repeating  what  I  said,  that  its  impulse  arc- 
over  should  be  high  with  respect  to  its  low-frequency  arc-over. 

I  think  it  was  Mr.  Mershon  who  made  inquiry  as  to  whether 
any  attempt  had  been  made  to  control  the  performance  of  the 
bushing  under  power  conditions,  that  is,  with  power  behind  the 
test  circuit  or  the  aroover,  and  while  not  attempting  to  answer 
his  question,  I  will  simply  remark  that  I  know  of  a  number  of 
instances  in  which  successful  operation  or  performance  of  bushing 
has  prevailed  during  arc-over  with  power  behind  the  arc,  without 
doing  any  damage  to  the  bushing.  I  also  know  of  one  isolated 
case  where  the  bushing  was  damaged  by  the  power  arc. 

I  wish  to  call  attention  briefly  to  the  effect  of  the  specific 
resistance  of  the  testing  water  upon  the  wet  arc-over  voltage 
of  a  bushing  or  insulator,  a  thing  which  apparently  has  been 
overlooked  a  great  deal  in  making  rain  or  wet  tests,  and  recording 
the  data.  The  specific  resistance  of  the  water  has  a  very  great 
effect  upon  the  wet  arc-over  voltage,  so  that,  for  instance,  with 
such  water  as  Mr.  Rice  probably  used  in  his  tests,  the  arc-over 
of  the  bushing  was  probably  75  per  cent  of  the  voltage  it  would 
have  been  had  water  been  used  which  was  of  a  higher  resistance, 
such  as  is  available  in  most  natural  water  systems,  that  is  moun- 
tain or  reservoir  water  supplies.  I  assume  that  the  tests  which 
Mr.  Rice  has  made,  were  made  with  water  having  the  resistance 


We  are  aZ  aware  zf  the  eEzcz  z£  ; 

2n-CT»r  TUta**  cf 

imccjse  cr:ryfn3~cs.  tie 
cctLit  m  the  2.'  p  rDCatj'  C  "C 

It  g  mteres^rir  alsc  t~  knrrw  thsr  there  5s  a : 
and  that  tis  enter  ce  temperature  s  rt  tie  :r-5*r  thar  5*xr*e 
centtzraoe  dn5 erence  in  t£m-terar^re  s  etnrra]er:  t :  tree:  I X 
ft.   304  —    d=erenoe  rt  2l"-35». 

Tiere  s  c«se  ctherr  :cc:  I  wish:  ~ :  -rrnx  t :  ynzr  ar:cntD:m  ar»I 
that  a.  that  there  sho£d  be  a  rdat3:c  rer-*een  the  arorrer 
voltaze  cf  the  hn^hfnz  and  the  Tiihaxe  3:  tie  system  tr  ■ ~" 
rt  3  accied.  This  can  best  be  rerated  tc  the  trrcemr  :t  tie 
system,  that  2*  to  tie  hzrtrfrt^  arrester  rsr  settrt^s.  smce  r 
tie  system  s  pr.perty  desfgned  tie  htsr — :t  ba~re  a  hsch 
impulse  rati:  It  ts  rarrsKary  tc  ccrxi'Sfr  tttn^rraZj  the  ir«w- 
frequency  arc  ever  tie  beshfn  r.  and  this  sh^mji  re — rhecreci>- 
aZy  anj^aT — at  least  twice  the  1-w-trec^en-jy  ar>cT«r  rt  the 
Hzht—^-  arrester  ear:  which  protects  the  rren  .r^  :s  Se- 
cacsse.  as  we  are  aZ  aware,  a  rejected  waTe  whz>rh  is  j:wer  than 
the  hrbtning  arrester  win  discharge-  w£Z  remm  wtth  5rchie  it? 
—tial  valtae.  and  the  bt^hmg  shccld  net  arxr^er  at  that 

It  is  interesting  to  ncte  that  tie  factor  z£ 
Instirzte  has  set  dtwn  as  a  testmz  vaiae  f  tr  assembled  apemrats 
scich  as  lightning  arresters,  switches,  etc..  seems  tc  re  prcmpced 
by  experience,  so  far  as  btsiings  are  cencemed:  that  that  a 
test  vahie  cf  two  and  or-e-qnarter  times  the  rperatrr  -  ire  v^ta^e 
^ives  satisfactory  results  in  services,  and  very  few  arevrrers  take 
place  at  that  voltage. 

F.  W.  Peek,  Jr.:  I  wiZ  give  a  physical  ccocecti-rc  or  picture, 
of  the  meaning  of  the  dielectric  fax  diagrams  in  :  rattan 

A  bushing  or  insulator  is  made  up  cf  metal  parts  cr  efcctrocSes* 
cZ,  necessary  stationing  soHd  dielectric,  and  the  air  in  whsch  h 
is  immersed.  When  voltage  is  applied  between  e£ectrw3es. 
stresses  are  caused  in  the  solid  insulation  and  tie  air.  If  tiaese 
stresses  anywhere  exceed  the  strength  of  the  msclati-c-c.  break- 
down will  occur.  The  strength  of  air  is  ntnch  less  than  rcrceiairi. 
A  bushing  requiring  the  nimmim  amount  of  material  wvxtl  i  be 
one  in  which  the  stresses  in  the  different  insulations  were  uniform 
and  in  proportion  to  the  respective  strengths  of  the  dielectrics. 
Such  a  bushing  would  break  down  everywhere  at  race.  How- 
ever, since  the  air  part  of  the  bushing  automatkaZy  replaces 
itself  when  it  punctures  or  flashes  over,  it  is  best  to  make  the 
designs  so  that  flash-over  takes  place  before  puncture  of  the 
porcelain.  As  the  air  is  the  weakest  dielectric,  it  plays  a  great 
part  in  determining  size.  Mr.  Rice's  diagrams  are  maps  of  the 
stress  everywhere  around  the  electrodes;  the  importance  of 
these  diagrams  in  design  is  at  once  apparent. 
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The  strength  of  air  is  54  kv.  per  in.  If  the  full  strength  of  the 
air  could  be  utilized,  a  bushing  with  a  500,000-volt  arc-over 
need  not  be  over  9.5  in.  long.  There  are  a  number  of  good  rea- 
sons why  such  bushings  should,  in  practise,  be  perhaps  six  times 
that  length: 

(1)  It  is  not  practicable,  and  for  certain  reasons  not  desirable, 
to  design  for  an  abso  utely  uniform  field. 

(2)  Even  if  the  bushing  is  designed  for  a  uniform  field,  the 
field  is  not  uniform  because  of  apparent  conduction  along  the 
surface  of  the  solid  insulation,  which  greatly  lowers  the  arc-over 
voltage.  Mr.  Rice's  views  on  this  are  confirmed  by  experiments 
that  I  have  made.*  The  effect  takes  place  on  clean  porcelain 
rubber,  or  glass,  and  is  not  appreciably  reduced  if  the  surfaces 
are  polished.  I  believe  this  is  the  reason  why  Mr.  Portescue 
discovered  very  little  difference  in  surface  effect  over  the  range 
of  surface  condition  that  he  investigated  in  his  very  interesting 
and  important  paper  of  several  years  ago.  The  effect  is  greatly 
reduced  if  the  surfaces  are  oiled. 

(3)  The  third  reason  that  a  bushing  must  be  made  long  is  that 
it  must  be  used  out  of  doors  in  rain,  snow,  and  dirt.  Petticoats 
must  be  used.  Under  such  conditions  a  uniform  distribution  is 
not  for  a  moment  possible.  The  designs  must  include  all  of 
these  practicable  variables. 

(4)  When  flash-over  occurs,  it  is  generally  caused  by  lightning. 
The  bushing  or  insulator  should  be  designed  for  a  "lightning  arc- 
over  voltage' '  much  higher  than  the  60-cycle  arc-over  voltage, 
just  as  the  lightning  arrester  gap  should  be  designed  for  a  low 
"lightning  arc-over  voltage,  "f  I  have  seen  apparatus  designed 
in  just  the  opposite  way. 

You  have  seen  in  Mr.  Rice's  paper  many  beautiful  diagrams 
determined  experimentally;  mathematically,  it  is  very  difficult 
to  draw  any  but  the  simplest  diagrams.  The  meaning  of  these 
plots  is,  however,  quite  simple.  They  map  out  the  stresses  in  the 
space  surrounding  the  electrodes. 

Look  at  Fig.  9.  There  is  a  metal  plane,  and  a  rod  perpendicu- 
lar to  the  plane,  passing  through  a  hole  in  the  center  of  it.  You 
will  see  certain  lines  starting  at  right  angles  from  the  plane, 
and  ending  perpendicularly,  on  the  central  rod.  These  are  the 
lines  of  force.  They  are  so  drawn  that  the  flux  between  any  two 
lines  is  the  same.  In  other  words,  it  means  that  the  capacity 
between  any  two  lines  is  equal.  You  will  see  at  right  angles  to 
these  lines  another  set  of  lines  or  curves;  these  represent  the 
equipotential  surfaces.  Each  point  of  a  given  curve  is  at  the 
same  potential.    They  are  so  drawn  that  the  potential  differences 

*  "Dielectric  Phenomena  in  High-Voltage  Engineering",  pp.  190  and 
220-225. 

t "  The  Effect  of  Transient  Voltages  on  Dielectrics."    F.  W.  Peek,  Jr, 
A.  I.  E.  E.f   Trans.,  1915,  Vol.  XXXIV,  Part  II,  p.  1857. 
"  Lightning",  F.  W.  Peek,  Jr.,  G.  E.  Review,  June,  1916. 
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E.  Tit f riff  Sottjc  very  niteresurz  azd  esi^itenta^ 
individ^ial  tea**  made  to  deterrririe  the  cause  fcr  certan  r^suiis. 
^txh  a*  -the  apparent  decrease  in  disrtic^rre  v iLta^e  krlcwci-^s 
per  cm.  with  the  increasing  thickness  ot  aso^xott'' ;  "lewrered 
arower  vcttage  between  terminals  along  the  7r=ct^:n.  pctrxc  « 
two  dielectrics  of  different  pennittnritv,  in  paraZel " ;  etc. 

Mr.  Rice  draw*  the  concltision  that  if  the  dieierair  in  pttnd«£ 
with  the  air  is  ab^Iutely  free  from  moisture  and  if  perfect  jeerts 
are  made  between  the  dielectric  and  the  ternnnal.  rbas  tjEfce 
presence  of  insulation  in  parallel  with  air  or  oil  in  a  uniform  field 
would  not  result  in  a  breakdown  lower  than  that  of  the 
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material;  this  conclusion  may  be  correct,  but  part  of  the  tests 
would  seem  to  prove  that  the  dielectric  strength  of  air  was  dif- 
ferent when  in  contact  with  the  test  piece  of  solid  dielectric  and 
depending  on  the  properties  of  this  dielectric,  as  was  suggested 
in  the  paper.  For  instance,  the  difference  in  arc-over  voltage 
between  an  oiled  hard-rubber  surface  and  an  oiled  glass  surface, 
Fig.  21,  at  8  cm.  spacing  is  47  kv.  In  this  particular  case  where 
a  good  comparison  can  be  made  we  should  be  justified  in  assum- 
ing that  the  joint  between  the  oiled  glass  and  metal  planes  was 
equally  as  good  as  the  joint  between  the  oiled  hard  rubber  and 
the  metal  planes,  yet  the  arc-over  voltage  on  the  oiled  hard  rub- 
ber at  the  same  arcing  distance  was  about  65  per  cent  higher 
than  on  the  oiled  glass  surface. 

In  examining  the  curves,  Fig.  23,  with  grooved  planes  and  com- 
paring with  those  in  Fig.  21,  it  will  be  noted  that  with  the  grooved 
planes  or  electrostatically  shielded  joints  the  arc-over  voltages 
are  much  higher,  but  if  the  arc  over  occurs  the  full  length  of  the 
dielectric  cylinders  to  the  bottom  of  the  grooves,  the  arcing  dis- 
tance is  greater  than  the  distance  between  planes  by  the  depth 
of  the  grooves,  or  if  it  occurs  from  the  bend  of  the  plane  into  the 
groove  the  air  must  be  broken  down  here  first  due  to  non-uni- 
form field  and  consequently  a  condition  is  obtained  similar  to 
the  so-called  joint  effect. 

One  other  reason  for  assuming  that  the  introduction  of  a  solid 
dielectric  into  the  uniform  field  in  air  causes  a  change  in  the  di- 
electric strength  of  air  or  else  that  the  curves  in  Fig.  23  disprove 
the  assumption  that  the  joint  effect  is  eliminated  by  electrostatic 
shielding  of  the  ends  of  the  solid  dielectric,  is  that,  if  the  arc-over 
curves  on  oiled  glass  and  dry  glass  II,  Fig.  23,  are  extrapolated  a 
very  short  distance  they  cross  the  curve  for  arc-over  between 
planes  alone,  indicating  that  arc-over  voltage  with  the  dielectric 
inserted  is  greater  than  the  air  alone  between  the  planes,  which 
is  a  result  that  would  not  be  expected  if  the  lowering  of  the  arc- 
over  voltages  below  certain  spacings  is  caused  by  the  joint-effect 
at  the  ends  or  moisture  on  the  surface  of  the  solid  dielectric. 

H.  O.  Stevens:  The  point  I  think  we  should  all  get  in  this 
paper  is  the  fact  that  we  have  brought  before  us  here  in  fairly 
simple  mathematical  manner  a  few  fundamental  principles. 
We  have  an  indefinitely  extended  wire  passing  through  a  hole  in 
an  indefinitely  extended  plane.  That  is  a  fundamental  theory 
worked  out  beautifully.  In  other  words,  we  have  an  ideal  there 
to  work  to.  We  can  take  that  fundamental  principle  and  add 
certain  things  to  it,  which  may  improve  the  design  and  work 
up  a  satisfactory  bushing.  Unfortunately,  many  of  the  so-called 
practical  engineers  when  they  start  out  to  attack  a  problem  do 
not  have  the  time,  or  perhaps  the  proper  mathematical  and 
physical  knowledge  of  the  subject  to  study  the  problem  in  this 
manner,  so  the  thing  is  done  by  a  cut  and  try  method.  When 
we  are  designing  a  bushing,  we  put  a  certain  amount  of  insulation 
on  it,  and  bring  it  out  through  a  transformer  tank  and  the  voltage 
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is  increased  a  little  hit  mere,  and  we  add  mire  Trsmartcn.  nir.J 
ril'imareiy  we  in  trout  ie.  Then  seine  :ne  like  ifr  ice  ^ues 
the  prtcueci  and  studies  it.  froni  a  ^aThpmanrai  and  ^caamnc 
standpoint,  and  while  crvntrrres  the  resets  :c  earned  5c  act 
correspond  wrth  what  we  wedd  expect,  yet  as  I  smi  remr*  :r 
^rves  as  an  ideal  to  wcrk  tc.  and  thai  s  the  tout  we  vane  tc 
bear  in  mind  m  this  paper.  If  we  can  work  cut  the  fundamental 
rnathematacal  cccceptien  of  a  zr^en  crtciem.  althirxcrh  mr  tlieciy 
will  net  be  strictly  home  ctrt  nt  practise,  vet  2:  we  apply  zz  thar 
ctir  rnatherratrral  knowfefje,  the  scrrticn  :t  the  prtcieci  s  marie 
a  £reat  deal  easier  tc  :2s. 

SMmef  W,  famrffc  ilr  Rice  speaks  -n^ry  frankly  rf  tae 
dimedties  which  he  has  met  and  brmir?  Tivtdly  t:  noi  the  early 
days  or  otm  work  en  this  prtciem,  nt  which  we  encennter-if  ^n»Tav 
chmctnties — we  wct^d  work  to  set  the  hxshht^  ccmpieted.  amr8 
then  have  it  ptmctcre  zxl  the  ir<nie  and  be  ceiled  m  tear  it  5:wm. 
and  we  wonld  feet  that  the  work  of  first  rccsti'-LctJic.  tad  hem  sc 
dimcult  it  woitld  not  warrant  as  in  repiaimta:  it. 

As  engineers  we  are  interested  in  the  appbcaticii  we  ."art  T»»kr» 
of  the  information  which  is  ztven  by  the  antbrr  ami  the  last 
speaker  voiced.  I  think,  the  sentiments  zi  tbzse  hers — I  wnnd 
say  that  as  a  result  ct  tcr  w-rk  we  were  abie  t.:  ent*:«:*fy  the 
principles  in  commercial  apparatzs  and  t.:  save  m»:cey  f:r  the 
company,  and  also  tc  extend  the  mtper  hntrt  zi  vritaie  rar-ge, 
Mr.  Rice  has  worked  at  very  low  vcitazes.  and  perhaps  it  2?  n>rc 
appreciated  that  the  princip-jes  involved  here  permit  rt  m^tltrrccar- 
t:on  cc  expansion  any  number  ct  times,  r  rr  instance,  r  ynr 
ftist  rmtltiply  his  dimensions  by  twt-.  y:c  sh-mld  ret  y=st  twice 
the  breakdown  vcita^e.  multiply  by  three,  three  tmtes  the  break- 
down  vvlta^e.  etc.  That  is  the  principle  trpec  which  he  hats 
worked.  Therefore,  he  has  net  sofred  the  prcclem.  smtply  frr  the 
low  vo-ltafes  which  are  mentioned  here,  btrt  frr  hirher  Stages 
as  well. 

There  is  cne  striking  example  zi  the  cmsickratirc  rc  the 
principjes  set  forth  in  this  paper,  and  those  which  we  er>r\rcr_ter 
in  ctsr  w^rk,  and  that  is  or  the  ad±ti:n  cn  a  hizb-vcita^e  ccm- 
denser  terminal  of  the  hat.  so-called-  We  had  a  lemtal  frr  a 
very  hijA-voltajfe  transformer  which  shiwed  distress  a:  setue- 
thin*  over  300  WO  volts.    It  was  eqmpted  cripnaly  with  a  dsfc 

of  «cme  1%  in  diameter,  with  a  rim  ot  perhaps  0  75  in    19  :  > 

radius  and  1  5  in.  38- 1  diameter.    The  distress  occurred 

on  the  terminal  prior  to  distress  anywhere  else,  and  the  Terminal 
itself  probably  represented  an  outlay  ci  seme  $600  cr  $7l*X  and 
rerriemberin?  the  principles  we  enremttered  in  the  cctrrse  ot  the 
design  of  the  transformer  and  the  wcrk  connected  therewith,  we 
had  a  wooden  hat  arx/st  six  ft.  1S2.S  cm.  in  diameter.  ar>d  ooe 
ft.  '30.4  cm. .  thick,  as  I  recall  it.  made,  the  hat  beht£  covered 
with  tinfoil,  and  this  was  used  as  a  temporary  expedient-  A 
thin?  that  cost  perhaps  $15  or  $20  and  made  almost  over  night. 
We  rut  it  on  top  of  the  terminal,  and  distress  did  n^t  show  in 
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that  terminal  up  to  571,000  volts;  in  other  words,  there  had  been 
an  increase  of  about  150,000  volts  in  the  usefulness  of  that 
terminal.  By  making  a  gain  of  150,000  volts  in  this  way  we  are 
doing  well.  It  seems  to  me  that  is  how  we  should  make  use  of 
the  principles  which  are  so  well  set  forth  in  this  paper. 

I  would  like  to  ask,  why  the  charts  were  made  with  sheet  metal 
and  with  wires.  In  our  work  we  made  them  with  rods  of  appre- 
ciable diameter  and  with  sheets  of  appreciable  thickness,  with 
rounded  edges.  Fig.  9,  giving  the  equipotential  surfaces,  shows 
only  the  location  of  the  surfaces  from  1  to  about  30,  up  to  about 
24  with  what  an  engineer  would  call  a  reasonable  degree  of  ac- 
curacy of  ease  of  reading.  Now,  that  is  only  about  half  of  the 
total  number  that  should  be  there,  that  is,  there  is  50  volts  be- 
tween the  rod  and  plate.  I  understand  that  having  the  plates 
and  rod  conform  to  line  30,  and  the  plate  conform  to  line  2,  that 
the  distribution  of  the  field  between  the  two  does  not  change; 
that  is,  the  principle  is  the  same.  But  suppose  we  did  do  that, 
plates  and  rod  conforming  to  line  30,  and  an  irregular  rod  and 
irregular  shaped  piece  conforming  to  line  2,  then  We  could  put 
that  back  into  the  path,  and  each  of  these  do  have  the  voltage 
distribution  between  these  two  surfaces,  the  surfaces  which  we 
intend  to  use,  and  in  that  way  greatly  increase  the  area  of  the 
disruption. 

Selby  Haar:  I  wish  to  ask  Mr.  Rice  if  he  made  any  tests  on 
his  experimental  insulators  with  high  direct  potentials? 

B.  A.  Behrend:  The  parallel  which  exists  between  the  electro- 
static case,  in  which  we  are  interested,  and  which  Mr.  Rice  has 
treated  with  such  skill,  and  the  hydrodynamic  case,  is  well 
known.  The  hydrodynamic  case,  so  far  as  its  consideration  in 
two  dimensions  is  concerned,  has  been  beautifully  worked  out 
experimentally  by  Prof.  Hele  Shaw  in  some  admirable  papers 
which  were  published  in  the  Royal  Society  Transactions.  Now, 
then,  in  the  latest  work  I  have  had  an  opportunity  to  consult  in 
connection  with  hydrodynamics,  the  treatment  is  limited  to  two- 
dimensional  problems  altogether.  I  want  to  ask  Mr.  Rice,  in 
replying  to  the  many  statements  that  have  been  made  here  to- 
night, to  what  extent  a  correct  scientific  solution  has  been  given 
for  three-dimensional  problems.  Prof.  Horace  Lamb  states  that 
three-dimensional  cases  have  not  been  treated  successfully,  and  a 
similar  statement  is  made  by  Sir  George  Greenhill.  The  treat- 
ment of  three-dimensional  cases  is,  of  course,  fundamental  in 
connection  with  the  treatment  of  the  subject  laid  before  us  by 
Mr.  Rice.  I  trust  that  Mr.  Rice,  in  his  reply,  will  be  kind  enough 
to  comment  on  this  phase  of  the  subject,  and  tell  us  how  far  it 
has  been  possible  to  obtain  complete  solutions  of  the  three- 
dimensional  cases. 

Joseph  B.  Morrill  (communicated  after  adjournment):  I 
should  like  to  discuss  a  few  points  that  occurred  to  me  in  going 
through  Mr.  Rice's  excellent  paper. 

First,  in  connection  with  the  introduction  of  the  diametral 
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which  gives  us  the  diametral  planes  of  equation  (22).  Since  m 
and  n  are  always  positive  and  m  >  n  the  radical 


can  take  any  value  and  we  may  substitute  v  for  it  and  obtain 

y  —  v  x  =  0 

where  v  may  have  any  value. 

The  same  method  may  be  employed  to  show  that  the  third 
equation  of  (146)  is  a  degenerate  hyperboloid  of  one  sheet. 

A  point  in  connection  with  the  introduction  of  the  thermo- 
metric  parameters  a,  (3  and  7,  occurs  to  me,  which  might  pos- 
sibly aid  one  who  likes  to  have  a  picture  of  such  a  step  in  the 
analysis.  In  introducing  the  parameter  )8,  for  instance,  it  is 
assumed,  and  the  assumption  later  justified  analytically,  that 
the  potential,  under  certain  conditions  is  a  function  of  \i  only. 
The  conditions  under  which  this  is  true  is  later  shown  to  be  that 
two  of  the  hyperboloids  be  kept  at  definite  potentials.  Referring 
to  Fig.  10,  it  is  seen  that  \i  is  the  intercept  of  the  hyperboloids 
on  the  X  Y  plane,  that  is,  \i  determines  the  position  of  any 
hyperboloid.  From  a  graphical  standpoint,  then,  it  is  justifiable 
to  assume  that  if  two  of  the  hyperboloids  are  maintained  at  a 
definite  potential,  made  equipotential  surfaces,  the  potential 
of  the  other  hyperboloids  will  depend  only  on  their  position  with 
respect  to  these  two,  in  other  words,  tha  t  V  is  a  function  of  ^only. 

On  page  1028  in  solving  the  problem  of  the  infinite  rod  through 
the  hole  in  an  infinite  plane,  the  three  following  equations  are 
given: 

=  0,        r  =  0,  and  =  0 


da2         '    d  7*        '         d  0* 

the  last  one  being  equation  (116)  and  is  solved.  One  might  well 
wonder  why  the  other  two  equations  are  not  solved  if  they  are 
true  equations.    Of  course  the  first  two  equations  are  not  true 

d2V 

for,  if  V  is  neither  a  function  of  a,  nor  7,  how  can  -5 — z-  or 

'  da2 

d2  V 

be  equal  to  zero  unless  it  were  purely  an  accident? 


d  7' 


Equation  (116)  is  the  natural  consequence  of  equation  (114)  for 
neither  the  first  nor  the  third  term  of  (114)  can  have  a  meaning 
if  we  assume  that  V  is  a  function  of  $  only.  Is  not  this  point 
similar  to  the  following  case  in  algebra?  If  we  have  the  equation 
10  X  =  0,  we  know  that  X  =  0  and  do  not  have  to  make  the 
untrue  statement  that  JO  =  1  in  order  to  get  it.  I  believe  this 
same  mis-statement  is  made  in  Profess6r  Byerly's,  "Fouriers 
Series  and  Spherical  Harmonics"  to  "which  Mr.  Rice  refers. 
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The  two  problems  which  Mr.  Rice  has  solved  by  Laplace's 
equation  in  spheroidal  coordinates  can  only  be  checked  by  experi- 
ment, as  is  done  in  his  paper,  and  then  only  approximately,  due 
to  the  impossibility  of  using  either  an  infinite  rod  or  an  infinite 
plane.  It  might  be  interesting  to  work  a  simple  problem  using 
Laplace's  equation  in  this  form  which  could  be  checked  by  some 
other  method.  One  such  problem  obviously  is  to  calculate  the 
electrostatic  capacity  of  an  isolated  thin  circular  disk.  Such  a 
disk  is  obtained  by  allowing  the  oblate  spheroids  to  degenerate 
into  a  circular  disk  of  radius  c  (see  Fig.  9).  The  oblate  spheroids 
will  be  equipotential  surfaces  and  the  tubes  of  flux  will  be  bounded 
by  the  hyperboloids  of  one  sheet  and  the  diametral  planes. 
Under  these  conditions  the  potential  V  is  a  function  of  a  only 
and  equation  (116)  becomes 

d*  V 

cos2  a  -rr — r-  =  0 
0  a* 

and  since  this  must  be  true  for  all  values  of  a,  we  have 

o  a2 

Solving  this  differential  equation  we  obtain 
V  =  A  a  +  C 

To  evaluate  the  two  constants  of  integration,  A  and  C,  we  shall 
let  the  disk  have  a  potential  of  Vo  and  since  the  disk  is  isolated, 
7  =  0  at  infinity.  We  have  therefore  the  two  boundary  con- 
ditions. 


V  ■  V0  when  a  =  0  and  7  =  0  when  a  = 


2 


Substituting  these  conditions  in  the  last  equation  we  obtain 


The  electrostatic  flux,  v.  is  given  by  the  equation, 

— ;        a  «j  O  Wj 

a  ti\ 

The  potential  gradient  is 

d  V         2  Vo     da  2  Vo    d  a      d  X 


-if- 


d  n\  ir       d  nx  tt     d\       dnx  9 

which  is  obtained  by  differentiating  the  equation  for  potential 
given  above  with  respect  to  the  normal,  nx. 
Since 

X  =  c  sec  or, 

A«  /  (Equation  76) 

d  X  XVV-c1 
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From  equation  (47)  and  equation  (65)  we  get 


d  X      ,        VX*  -  <* 

=  Hi  = 


d  ni  1  VX*  -  ju2 
i7  2  70  < 


From  equation  (48)  and  equation  (67)  we  obtain 

and  from  equation  (49)  and  equation  (69) 

.         <Z  y  X/x  . 

a  ffs  =  —7 —  —  — 75 — ;  rr-  a  V 

As         C  (1  +  i>*) 

Substituting  these  values  for  -j — ,  d  n%  and  d  »3  in  the  equa- 
tion  for  <p  we  obtain, 


p«tan2f  ji 


ftdfidv 


(1  +  !>*)  Vc*  -  /u* 


Vc*  —  /i* 

r-UnO  a  -0 

(Factor  2  is  introduced  to  get  flux  above  and  below  X  Y  plane.) 

.  y.  f  -  tan  2  w  '  ft -c 

=  JLLL.  [  arc  tan  v~\  [  -  Vc2  -  ] 

z/— tano  *  —0 

=  8  70  c 
Since  <j>  =  4  ir  () 

where  Q  is  the  total  charge  on  the  disk, 
4  ir  Q  =  8  70  £ 

or 

-y—  =         =  Capacity  of  disk. 

This  is  the  well  known  value  for  the  capacity  of  an  isolated 
circular  disk  of  radius  c  and  can  be  checked  by  other  methods, 
for  instance,  see  Berg's  "Electrical  Engineering,  Advance 
Course"  page  201. 
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Lastly,  in  connection  with  the  integration  for  the  tubes  of  flow 
where  the  integration  for  v  is  neglected,  would  it  not  be  more 
exact  to  say  that  the  spacing  obtained  is  for  any  diametral  plane 
and  hence  independent  of  p?  That  is,  the  last  paragraph  on 
page  1039  shoul  dread  "and  since  p0  may  have  any  value  we  may 
neglect  it  as  far  as  the  spacing  on  any  diametral  plane  is  con- 
cerned"; and  the  paragraph  in  the  middle  of  page  1051  should 
read,  "As  far  as  the  spacing  of  the  surfaces  of  flow  on  any  dia- 
metral plane  is  concerned  we  may  " 

Chester  W.  Rice:  Major  Mershon  has  asked  what  effect 
power  arcs  will  have  on  bushings.  I  am  sorry  to  say  that  I 
have  never  witnessed  such  tests  but  suppose  that  they  will  blow 
the  bushings  up,  as  they  do  almost  everything  else  when  they 
get  started. 

Mr.  Taylor  was  interested  to  know  why  we  did  not  introduce 
bad  distortion  into  the  diagrams  by  moving  the  pointer  around 
in  our  electrolyte,  as  you  would  in  an  electrostatic  problem  if 
you  tried  to  obtain  the  potential  distribution  by  moving  the 
pointer  around  in  space.  The  beauty  of  the  thing  is  that  we 
have  substituted  an  electric  current  for  the  electrostatic  flux. 
This  has  two  very  important  advantages,  in  the  first  place,  we 
can  insulate  all  but  the  end  of  our  exploring  pointer  from  the 
current  whereas,  there  is  no  insulator  for  the  electrostatic  flux, 
in  the  second  place,  we  substitute  a  large  conduction  current  for 
a  small  displacement  current  which  allows  us  to  use  a  reasonable 
amount  of  power  for  operating  our  instrument  without  fear  of 
distorting  the  field.  Of  course,  the  insulated  pointer  does  dis- 
place a  slight  amount  of  liquid  and  therefore  introduces  a  slight 
distortion.  A  method  of  eliminating  this  error  is  pictured  in 
Fig.  5.  The  energy  required  to  operate  a  quadrant  electrometer 
is  so  small  compared  with  the  energy  flowing  through  the  circuit 
that  distortion  due  to  this  cause  is  considered  entirely  negligible. 

Prof.  Gray  askeji  about  using  the  photographic  method  "for 
three-dimensional  problems.  I  think  photographic  methods  and 
all  of  the  allied  methods,  such  as  little  fine  particles  of  glass-wool 
or  mica  dust,  are  well  adapted  to  show  the  general  system  of 
flow  lines.  I  have  made  some  experiments  with  little  glass  rods 
obtained  by  grinding  up  glass-wool,  and  in  that  way  obtained  a 
general  picture  through  any  plane,  of  the  desired  three-dimen- 
sional figure.  A  very  considerable  assistance  is  obtained  by 
this  method  where  one  wishes  to  apply  the  cut  and  try  method 
of  obtaining  a  diagram  for  an  electrostatic  problem  as  it  gives 
you  something  to  start  guessing  with. 

Mr.  Fortescue  has  made  a  correction  of  the  arc-over  value  of 
his  bushing,  which  indicates  that  no  surface  effect  exists  in  the 
material  which  he  has  used.  He  gets  an  arc-over  of  approx- 
imately 207  kilovolts  effective,  and  the  calculated  arc-over,  if 
my  assumptions  as  to  the  size  and  general  structure  of  his  test 
pieoe  are  correct,  comes  out  at  205  kilovolts  effective.  There 
re  no  room  left  for  surface  effect  if  his  tests  are  correct. 
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He  also  mentioned  some  further  data  which  have  apparently 
convinced  him  that  there  is  no  such  thing  as  surface  effect.  For 
my  part,  I  am  confident  that  there  is  a  large  effect  of  this  nature. 
The  difference  in  opinion  shows  that  further  study  of  this 
phenomenon  is  very  desirable. 

I  have  never  been  able  to  see  any  very  direct  bearing  between 
the  calculations  on  the  condenser  bushing  and  the  bushings  as 
built.  In  the  first  place,  the  calculations  assume  that  the  bush- 
ing has  very  large  hats  on  the  top  and  bottom  ends  (infinite 
planes);  in  the  second  place,  the  structure  is  assumed  to  be 
symmetrical  about  the  cover  of  the  tank.  Neither  of  these 
conditions  is  even  approximated  to  in  the  bushings  of  this  type 
which  I  have  seen. 

Mr.  Farnsworth  has  asked  why  the  charts  were  made  using 
thin  sheet  metal  to  form  the  electrodes.  This  was  done  in  the 
first  place  to  facilitate  the  construction  and  in  the  second  place 
to  make  the  boundary  conditions  as  simple  as  possible,  so  that  in 
case  a  mathematical  solution  some  day  becomes  possible  the 
diagrams  may  be  used  as  a  check. 

Mr.  Haar  has  asked  whether  I  have  made  any  high-voltage 
direct-current  tests.  No,  I  am  sorry,  to  say  that  I  have  not  had 
the  opportunity.  • 

Mr.  Behrend  has  brought  up  the  question  of  three-dimen- 
sional hydrodynamic  problems.  If  we  assume  an  incompressible 
and  inviscid  fluid,  the  electrodynamic  method  is  of  course  avail- 
able for  obtaining  the  solution  of  any  desired  problem  in  hydro- 
dynamics. For  example;  if  we  wish  to  obtain  the  solution  of  a 
torpedo  shaped  body  at  rest  in  an  infinite  current  of  fluid,  all 
we  have  to  do  is  to  immerse  a  non-conducting  torpedo  shaped 
body  in  our  tank  between  large  parallel  plane  electrodes  and 
investigate  the  potential  distribution  in  the  usual  manner. 
This,  of  course,  is  also  the  solution  of  the  analagous  electrostatic 
problem,  namely,  a  torpedo  shaped  body  of  zero  permittivity  in 
a  uniform  electrostatic  field. 

The  solution  of  the  type  of  problem,  where  a  body  is  moving 
through  a  stationary  perfect  fluid  can  also  be  solved  by  this 
method.  Taking  the  case  of  a  sphere  $re  could  obtain  the  de- 
sired solution  by  immersing  two  pointed  electrodes  at  close 
proximity  in  the  tank  and  exploring  the  field  in  the  usual  manner. 
This  would  result  in  the  well  known  solution  of  a  sphere  moving 
through  an  infinite  stationary  fluid.  Of  course  it  is  understood 
that  \he  solution  of  these  problems  does  not  give  very  interesting 
data  for  the  naval  constructor  because  actual  fluids  exert  ap- 
preciable forces  due  to  viscosity  and  radiation  of  compressional 
waves.  A  sphere  set  in  motion  in  a  stationary  fluid  would  move 
on  forever  at  the  same  speed  also  a  stationary  sphere  having 
mass  would  remain  at  rest  in  a  uniform  stream  of  perfect  fluid. 
In  the  ideal  fluid  theory  all  bodies  are  streamline  bodies  and 
eddys  are  non-existent. 

Mr.  J.  B.  Morrill's  discussion  has  added  some  very  interesting 
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material,  which  I  believe  will  be  greatly  appreciated  by  all  those 
engineers  and  students  who  have  occasion  to  study  this  subject. 
I  believe  that  his  analysis  which  shows  that  the  diametral  planes 
can  be  considered  as  a  degeneration  of  the  hyperboloids  of  two 
sheets  is  new  and  very  illuminating.  He  is  also  entirely  correct 
in  pointing  out  the  incorrectness  of  setting 

da*  d  y* 

as  a  method  of  indicating  that  they  are  meaningless  for  the  case 
under  consideration  and  therefore  may  be  struck  out  of  the 
equation.  I  think  that  this  slip  is  often  made  and  therefore  it 
is  very  well  to  draw  attention  to  its  incorrectness. 

The  solution  of  the  limiting  oblate  spheroid  is  a  very  appro- 
priate addition. 

I  am  greatly  indebted  to  Mr.  Morrill  for  pointing  out  by  letter 
an  inconsistency  in  my  original  equations  used  in  deducing 
Laplace's  equation  (pages  1006-1014).  On  getting  into  the  matter, 
I  found  that  the  trouble  arose  from  considering  the  top  area  of 
the  infinitesimal  volume  equal  to  the  bottom  area  whereas  it 
is  necessary  to  consider  the  rate  of  change  of- the  bottom  area 
as  we  go  towards  the  top  along  the  normal. 

I  have  therefore  taken  the  liberty  of  making  this  correction 
for  publication  in  the  Transactions. 

I  am  further  indebted  to  Mr.  Morrill  for  the  corrections  of 
many  typographical  errors  to  which  he  has  so  kindly  drawn  my 
attention. 


Presented  by  publication  only. 


Copyright.  1917.    By  A.  I.  E.  E. 


ANNUAL  LOAD  RELIEF  MAP,  PEAK  LOAD  AND  LOAD 
FACTOR  ANALYSIS 


BY  WM.  LE  ROY  ROBERTSON 


Abstract  of  Paper 

Description  of  the  annual  load  relief  map  which  is  a  device 
for  visualizing  the  entire  yearly  load  of  central  stations. 

Review  of  load  characteristics,  as  exemplified  by  the  annual 
load  relief  map. 

Notes  on  daylight  saving  relative  to  the  decreasing  of  peak 
load,  and  improvement  in  Toad  factor. 

Analysis  of  load  factors  as  applied  to  "base"  and  "top"  loads 
demonstrating  the  large  amount  of  idle  capacity  peculiar  to  cen- 
tral stations. 

Annual  load  relief  map  valuable  in  the  study  and  exempli- 
fication of  all  matters  having  to  do  with  central  station  loads. 


THE  familiar  daily  load  diagram  is  plotted  by  practically  all 
electric  light  and  power  companies.  The  accumulation  of 
these  curves  soon  becomes  a  mere  record,  usually  filed  away  in 
some  manner  and  always  available  for  reference,  and  for  the 
study  of  load  conditions.  When  considering  the  load  throughout 
the  year  it  is  difficult  to  obtain  a  comprehensive  idea  of  the  whole 
since  it  is  necessary  to  glance  separately  at  the  greater  portion  of 
365  sheets.  Such  a  record  locks  up  a  desired  vision  in  confusion. 

The  Annual  Load  Relief  Map  is  a  device  for  visualizing  the 
entire  load  of  the  year.  Each  daily  load  diagram  is  marked  off 
on  card  board  and  cut  out.  The  cards  are  stacked  up  in  proper 
daily  sequence,  mounted  and  provided  with  graduations  for 
kilowatts,  hours  of  the  day  and  months  of  the  year,  all  properly 
arranged.  The  annual  load  relief  map  is  illustrated  in  Figs.  1 ,  2, 
and  7,  showing  the  Philadelphia  load  during  the  year  1916. 

Day  Load.  A  distinctive  feature  brought  out  by  the  annual 
load  relief  map  is  the  contour  of  the  day  load  which  is  consistently 
uniform  throughout  the  year,  always  picking  up  between  7:00 
to  8:00  a.  m.,  having  a  valley  at  noon  and  then  falling  off  punc- 
tually at  about  5:00  p.  m.  This  stands  out  clearly  on  the  annual 
load  relief  map  Fig.  2;  and  especially  well,  if  one  will  imagine 
the  absence  of  the  night  load  where  it  overlaps  the  day  load  at 
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5:fl0  c.  ra.  TTie  day  lead  ccrrespoiiiis  zlcsety  js  the  zes&xiar 
average  working  day. 

yxgkt  Lamd.  The  -""h*1- -  joad  which  ticks  or  rapidly  ac  *:tMI 
t-  m.  hi  arid-fflnnrner.  and  at  accut  4:30  :.  3L  d  -jrflG  p  nr.  ar 
winter.  omiesconds  dosEiy  t«3  the  juhting  lead.  It  cfcjjgmls 
absolutely  nrxai  the  hoar  «  itr.wt  for  ics  begTming  and  -T^rfs  .id 
rapidly.  Portly  after  reaching:  res  peak  value.  Afxr  mnnoxgnr. 
it  settles  down  to  a  valne  and  irtcs  rcE  ilrnesc  entirely  when 
the  street  Trgfr-iwjr  .joes  oi?  aear  amrat  In  simmer  a  cfees; 
valley  will  be  in  ^he  jening,  2  between  the  "*5aII-rf" 
of  the  nisrrt  load  and  riie  bezhirriiig-  it  the  fay  xrad.  Trttde  fa 
wtntaer  the  joads  ■tveriar:  in  the  jci::i:ig.  HTTmg      this  ~alley. 

/>«b&x_    Daring  the  TTh:ui.^a-  -;ieie  are  three  (fisasct 

teaks — cue  occorrhig  accor        a.  m. :  me  aocirn        tjn. :  amf 


^thfrfacort        t  —  THrii  the  ir^acrtnu  fxl.  ^mi  - 

— «-t-t~*_  yrr1  35  the         9CCS  fflTTPT  £3CTt  fay.  the  VtW  tT.  3L 

^t-^s  T~*r'\tr  ^?w?rl  the         r.  =1  teak  and  aear  the  eni  ct 
j^r^rg  the  twe  teaks  :  -rerlar  -  it-ins  a  -mrmed  tw*~ 
^r  W^-fr  my  ;i±er  teak,  which,  rarnfly  int~«s  rm  M^rn: 
the  «-?iV>  rr  latter  cart  rf  Deesz±er.  when:  x  bercmses  tae 
Treatise  teak  :f  the  ysr.   As  the  xrrins  unrths  irrtrrTuirrt  the 


ih«--~  s  1  w-±£L  knewn  tact,  tte  ir^r;t-  jrac  r-^er  Trurr 
the  zharistrar  rccdhrain  tt  a  cdjsc  acr>rrr^  Thinner 

Z'i?'i*z  itvsrnz  rii  tasc  yr-ir  rr  :nvre.  r 

y^^l  ^trrrr-jes  h^-»  ni^ted  the  tLm  :c  sector  tae  ci 
me  brer  ahead  hirr-r  tie  sc=ter  =rcth*.  tt  rr-Ser 
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has  also  adopted  the  plan.  The  cities  of  Detroit  and  Cleveland 
have  practically  accomplished  the  same  thing  by  adopting 
Eastern  Standard  Time;  and,  further,  the  Committee  on  Day- 
light Saving  of  the  Chamber  of  Commerce  of  the  United  States, 
in  its  report  of  February  1,  1917.  recommended  that  Congress 


Fig.  4 


adopt  the  plan  throughout  the  United  States — advancing  the 
clock  one  hour  throughout  the  year;  and,  as  an  alternative  plan, 
advancing  the  clock  one  hour  during  summer  only. 

The  annual  load  relief  map  will  be  found  useful  in  conjunction 
with  the  study  of  the  effect  of  daylight  saving  on  peak  loads. 


kh        pm  kul  clear   pm  a>  m.  partly  cloudy  p  m 

clear.  partly  clouoy 

Fig.  5 

Advancing  the  clock  will  have  the  same  effect  as  shifting  the  day 
load  back  from  the  night  load.  Looking  at  Fig.  2,  it  will  be  seen 
that  by  shifting  back  the  day  load  the  valley  between  the  5:00 
p.  m.  and  8:00  p.  m.  peaks  will  extend  over  a  longer  period  during 
the  summer;  and  if  shifted  back  sufficiently,  this  valley  will  ex- 


ice*     ximezts:*  axxtjll         nrjJET  mat 


tb*  bag  peak  to  disin- 
entzrelv  the  big 


-^^^  t.  ent 


r  fV::::::k&te  the  bj£  peak  in  FhTiarietpfaia, 
it  IE  eK.rriated  :hg  the  c^oek  shotiid  be  se:  forward  one  and  one- 
hr.Y  binrrs.  Fir  3  -T^grEses  wh*.t  nip:;  have  been  the  effect 
id  tbe  ioaf  in  Fhiladehihia,  had  day:kht  saving  been 

It  shonjd  lie  -unoers:  ;od_  however,  that 


a3:c~ 


:rurves  are  roerelj  &  Touch  tredKtaon.  as  h  wor^d  be  im- 
>ie  t:  atterntt  f:recBS  the  armal  resuh- 
The  shr'trot  hack  of  the  day  j;«ad  woujd  aisr  caase  h  to  over- 
La^  tbe  early  nrrzr^  joad  i-:  £  CTeater  ertent  This  wxjuld  in- 
crease the  ra:c-::^g  t»eak  at  a  m  .  but  as  tbe  roorniru:  load  is 
smaZ.  tbe  increase  wouid  :not  be  great  However,  sfcocld  winter 
orLoe  hnurs  begin  before  dayhght  then  the 
-rr-^r  peak  wotiid  obtart  greater  proparrion- 
Fi^.  4  shews  tbe  erec:  of  daylight  saving 


Cleveland. 


Fx-  ^ 


Pio.  6 


sbows  the  erect  in  Detroit.  Cleveland's  peak 
v»c  greatly  reduced,  aud  it  wil  be  noted 
that  the  joad  factor  has  rnateriaZy  xrrprcved. 
In  Detract,  it  is  understood  that  the  radical 
change  in  the  peak  load  has  aiso  been  efected 
hv  other  conditions  than  t^i-at  of  a  d ;  r  tmg 
Eastern  Standard  Tine.  ,  the  joad  has 
greatly  increased  and  all  gen  lamps  have  been 
charged  over  t?  Mazda's,  during:  this  period. 
The  i:.ad  curves  given  in  Figs  4  and  5  were 
fr^.Aff!  thr:»nrh  the  courtesy  c:  the  C-evc^d  Electric  IXhxm- 
^^z1-  ?  Co  and  the  Detrrit  Ei^cn  Cor-.:»any%  respectively. 

Best  end  Top  Loads — Locd  F&r-vrs-  The  total  joad  on  any 
centra!  station  may  be  divided  into  two  sections  as  follows: 
Base  j^ad:  t:T  load.  The  sum  of  which  equals  the  annual  peak 
gjcsL  and  the  crviiini;  line  being  a  matter  of  n: dement,  as  fllus- 
♦rated  in  Fiz  6. 

After  as5urrin£  any  dividing  line  between  the  base  and  the  top 
sections  of  the  j:«ad.  the  annual  ic»ad  tac;or  tor  the  base  section 
axai  the  — ^^ad  fact  :-r  for  the  top  section  may  be  computed 
irvEk  the  365  daily  i^ad  curves  covering  the  year  in  question 
For  a  given  annual  ioad  factor  of  thie  total  ioad,  Ihe  computed 
\&*A  factors  oc  the  base  and  top  sections  will  tk>i  vary  greatly 
i  various  central  stations,  as  3ll  central  stations  have  very 
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similar  load  diagrams  and  considerable  variation  in  the  individual 
load  diagram  may  take  place  before  the  load  factors  are  affected. 

Table  I  gives  load  factors  of  the  base  and  top  sections  of  the 
load,  corresponding  to  a  number  of  selected  dividing  lines,  and 
repeated  for  several  annual  load  factors  of  the  total  load.  The 


TABLE  I 

LOAD  FACTORS  OP  VARIOUS  BASE  AND  TOP  LOADS 


Dividing  line 

30%  load  factor 

40%  k>a 

d  factor 

between 

of  total  load 

of  total  load 

base  and  top  loads 

(annual) 

(annual) 

Annual 

Annual 

Annual 

Annual 

load 

load 

load 

load 

Base 

Top 

Total 

factor 

factor 

factor 

factor 

load  in 

load  in 

load  in 

of  the 

of  the 

of  the 

of  the 

per  cent. 

per  cent. 

per  cent. 

base  load 

top  load 

base  load 

top  load 

100 

0 

100 

30% 

0  % 

40% 

0  % 

80 

20 

100 

37% 

X  % 

49% 

X  % 

60 

40 

100 

50% 

1  % 

64% 

2  % 

50 

50 

100 

58% 

2  % 

74%* 

6  % 

40 

60 

100 

60% 

5  % 

•82% 

11  % 

20 

80 

100 

91% 

14  % 

97% 

26  % 

0 

100 

100 

100% 

30  % 

100% 

40  % 

Dividing  line 

50%  load  factor 

60%  load  factor 

between 

of  total  load 

of  total  load 

base  and  top  loads 

(annual 

(annual) 

Annual 

Annual 

Annual 

Annual 

load 

load 

load 

load 

Base 

Top 

Total 

factor 

factor 

factor 

factor 

load  in 

load  in 

load  in 

of  the 

of  the 

of  the 

of  the 

per  cent. 

per  cent. 

per  cent. 

base  load 

top  load 

base  load 

top  load 

100 

0 

100 

50% 

0% 

60% 

0% 

80 

20 

100 

61% 

1% 

71% 

5% 

60 

40 

100 

76% 

.  9% 

86% 

19% 

50 

50 

100 

85% 

15% 

92% 

27% 

40 

60 

100 

93% 

22% 

97% 

35% 

20 

80 

100 

99% 

38% 

100% 

50% 

0 

100 

100 

100% 

50% 

100% 

60% 

data  in  this  table  are  presented  here  through  the  courtesy  of  L.  B. 
Stillwell,  Consulting  Engineers,  New  York,  from  whom  the  in- 
formation was  obtained. 

The  results  in  Table  I  are  most  illuminating.  Take  for  in- 
stance the  case  of  a  central  station  having  an  annual  load  factor 
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which  was  very  kindly  furnished  by  Mr.  Barre,  showing  his  plan. 
Each  diagram  is  cut  out  in  paper  and  placed  in  the  file — 5  years 
would  be  7  to  8  in.  (17.7  to  20.3  cm.)  thick. 

It  might  be  suggested  that  commercial  men  may  find  much 
interest  in  following  up  the  load  growth  from  year  to  year  upon 
the  annual  load  relief  map,  and  again  the  device  may  be  useful 
as  an  aid  in  explaining  various  problems  in  connection  with  rates 
and  investment  before  public  service  commissions. 


:v*2      t/.Bijrzcsz  rzASSf-ZEMEM  s:ttectz:ss 


Isra:iCT-rr:«:y 

AS  A  general  r£e  the  :ae  of  s£n*pe-ccase  trxastbraers  ice- 
.  oected  sear-scar  rrto  a  three-cease  bank  s  is  jisASn  rf 
paor  electrical  cg^joil^  gracsae.  There  are  cases  wiere  th* 
eocseetaoa  hat  been  ernci/iyed  with  apparently  sasffiacsorr  re- 
sults, bet  they  crjcprac  the  exeeptzocs  rathrr  than  the  —  V. 
It  if  Axbtf-zL  rf  sasr  of  these  excecticcs  wcd'i  he  permitted 
if  a  tiajrocgi:  irrrestigatsoc  were  rr^cie  of  the  scarcity  xtj£  jocal 
voitages  involved  in  the  connection,  bet  it  s  bey-cxi  the  scope 
of  this  them  to  sake  such  an  invev.Tgaraoc  of  aZ  the  TnmrNIr 
cases.  It  ts  mffVirnt  to  say  that  where  these  exeepcaocaal  con- 
nections, star-star,  bare  been  employed  hi  trazszaam  piactasr, 
special  precautions  have  generaZy  been  taken  to  L^me  the 
stability  of  the  system.  Where  such  precautions  have  not  been 
observed,  disastrous  results  have  frequently  followed.  The  pre- 
cautions have  provided  a  remedy  or  even  a  preventive,  ve 
might  say;  bat,  became  of  the  suddenness  and  s^enrss  of  the 
undesirable  phenomena  when  such  have  occurred,  it  has  usually 
been  impossible  to  observe  the  actual  underlying  causes.  The- 
ories have  attributed  the  effects  to  the  third  harmonic  which 
arises  when  an  ironclad  electromagnetic  circuit  is  energized. 

Early  in  the  year  nineteen  hundred  and  fifteen,  the  writer 
was  concerned  with  some  tests  of  star-star  connected  transfor- 
mers supplying  a  three-phase  transmission  line,  that  developed 
unstable  conditions  and  peculiar  phenomena  which  ordinarily 
would  not  be  discovered  in  commercial  operation  or  without  the 
use  of  an  oscillograph.  It  is  fairly  safe  to  say  that,  even  in 
these  tests,  the  insulation  of  the  transformers  would  have  broken 
down  and  the  windings  have  been  burnt  out  before  the  phe- 
nomena were  discovered  had  it  not  been  that  the  impressed 
voltage  applied  to  the  transformers  was  only  approximately 
one-quarter  of  the  rated  voltage. 

First,  it  win  be  well  to  show  why,  in  general,  the  third  har- 
monic of  magnetization  can  not  be  expected  to  develop  sufficient- 
ly high  voltages  to  break  down  the  insulation  of  a  star-star  con- 
nected bank  of  transformers  connected  to  a  three-phase  trans- 
mission line  provided  the  windings,  leads  and  bushings  are  insu- 
lated for  full  rated  voltage  of  the  windings,  and  have  been  sub- 
jected to  tests  of  at  least  double  voltage  to  case,  core  and  ground 
and  between  turns. 

Later,  the  co-ordination  of  these  previously  unrecognized 
phenomena  with  the  general  laws  of  electricity  and  magnetism 
^1  be  submitted  so  far  as  it  has  been  completed  at  this  time. 
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Harmonics  of  Transformer  Magnetization 
So  much  has  been  said  and  written  concerning  the  harmonics 
of  magnetization  of  transformers,  that  it  is  hardly  essential  to 
mention  it  more  than  very  briefly  here.  The  indeces  of  the 
Transactions  of  the  American  Institute  of  Electrical  Engineers 
provide  ample  bibliography  on  the  subject. 
From  the  general  formula  of  electromagnetic  induction,  the 

induced  voltage  is  t\  —  k  -^j- 

where  4>  is  the  magnetic  flux,  t  the  time,  and  k  is  a  constant 
dependent  upon  the  number  of  turns  in  the  winding,  etc. 

If  4>  =  cos  (at  +  a) 


-7-7-  =  —  a  sin  (a  t  +  a) 
a  t 

whence  t%  —  —  a  k  sin  (a  t  +  a) 

That  is,  we  say  a  cosine  wave  of  flux  generates  a  sine  wave  of 
voltage,  and  because  of  the  inter-relations  of  the  sine  and  cosine 
functions,  we  may  say  that  a  sine  wave  of  flux  produces  a  cosine 
wave  of  voltage. 

With  a  sine  wave  of  voltage  applied  at  the  two  terminals  of 
an  electric  circuit,  the  wave  of  counter  e.m.f.  will  ordinarily  be 
a  sine  wave  of  equal  magnitude  but  opposite  sign  when  conditions 
are  stable;  that  is,  after  the  initial  transients  have  disappeared. 

Considering  only  the  post-transient  conditions:  If  a  voltage, 
e  =  c  sin  a  t,  is  impressed  on  the  terminals  of  an  inductive  cir- 
cuit containing  resistance  (or  equivalent  resistance),  the  counter 
e.m.f.  will  be 

e'  =  —  c  sin  a  t 

But  tf  will  have  two  components;  one,  the  resistance  component, 

€i  =  —  b  sin  (at  +  j8) 
and  the  other,  the  reactive  component, 

t\  =  —  a  k  sin  (at  +  a) 
The  current  will  adjust  itself  so  that 

c  sin  a  t  =  b  sin  (a  t  +  j8)  +  a  k  sin  (a  t  +  «) 
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duct  of  the  current  multiplied  by  a  constant.  Since  the  con- 
stants are  given  for  any  machine,  by  change  of  scale,  the  B-H 
curve  may  be  translated  to  a  4>  —  i  curve,  and  this  will  be  done 
in  the  following  discussion.  In  Fig:  1,  there  is  given  a  typical 
B-H  curve  for  transformer  iron.  This  B-H  curve  translated  is 
the  axis  of  the  hysterises  loop  shown  in  Fig.  2. 
For  a  sine  wave  of  flux,-  say 

4>  =  10  sin  a  t 

curve  I  of  Fig.  3,  a  wave  of  wattless  magnetizing  current,  imt 
like  curve  II  of  Fig.  3  will  be  required,  based  upon  the  im  curve 
of  Fig.  2. 
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Fig.  1 — Average  Induction  Curve — Transformer  Sheets 

Standard  Handbook,  1915  Edition,  Sect.  4,  Fig.  24 


Concerned  in  the  magnetization  of  the  iron,  there  are,  besides 
the  wattless  magnetizing  current,  the  components  of  current  due 
to  hysteresis  and  to  eddy  currents.   By  the  equations  for  eddy 
currents,  it  is  possible  to  eliminate  them  from  the  discussion; 
Q/jd  now  consider  combined  the  wattless  component  of  magnetiz- 
current  and  the  energy  component  required  by  hysteresis. 
ttie  combination  is  obtained  from  the  hysteresis  loop  for  a  given 
*av&  of  flux,  say 

0=10  sin  at 

hp  ^"^ent  corresponding  £0  this  flux  is  obtained  from  the  imh 
\0  -^fe-  2  and  Pitted  as  curve  III  of  Fig.  3. 

ky^*^Z^^T&™tes  of  the  curves  of  Fig.  3  are  given  in  Table  I, 
^  ^^>nic  anaJ^'s,  the  efficients  of  the  Fourier  series  for 

Sp**  "=~*«^e  waves  are  dQt    {   ^  and  tabulated  in  Table  II. 
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meability.  One  of  the  favorite  arguments  supporting  the  latter 
is,  there  is  no  triple  harmonic  voltage  impressed  on  the  trans- 
former and  consequently  the  triple  harmonic  component  of  the 
exciting  current  must  be  entirely  wattless.  From  the  coefficients 
in  Table  II,  it  is  seen  that  in  this  average  iron  at  not  abnormal 
maximum  density,  hysteresis  introduces  triple  harmonic  com- 
ponents of  exciting  current  in  quadrature  with  those  introduced 
by  the  variation  of  permeability,  and  of  practically  half  the 
magnitude  of  the  latter.  Therefore  it  can  not  be  said  that  the 
triple  harmonic  components  in  the  exciting  current  of  a  trans- 
former are  due  to  the  hysteresis  alone  or  to  the  variation  of  per- 
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I —  Magnetic  Flux 

II —  Wattless  Magnetizing  Current 

III —  Current  Required  by  the  Hysteresis  Loop 

meability  alone.  They  are  produced  by  the  combination  of  the 
two. 

The  components  of  exciting  currents  attributed  to  eddy  cur- 
rents are  generally  found  to  contain  some  small  harmonics,  but 
these  are  present  due  to  the  fact  that  the  wave  of  flux,  ultimately 
produced,  is  not  a  pure  sine  wave,  and  consequently  eddy  cur- 
rents of  harmonic  frequency  are  present  in  the  core. 

If  there  is  presented  a  closed  circuit  for  the  harmonic  com- 
ponents of  the  exciting  current,  they  will  flow  in  order  to  adjust 
the  current  to  the  counter  e.m.f.  requirements.  Obviously,  these 
harmonic  currents  flowing,  for  example,  through  the  resistance  of 
a  generator  winding  or  closed  delta  of  a  transformer  bank  give 
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Because  the  impressed  voltage  contains  no  harmonic  com- 
ponents is  no  more  ground  for  saying  that  the  triple  harmonic 
components  of  transformer  exciting  current  are  entirely  wattless 
than  it  is  for  concluding  that  the  sixty-cycle  currents  on  the 
secondary  side  of  a  25-  to  60-cycle  frequency-changer  set  must  be 
entirely  wattless.  In  the  latter  case,  we  have  energy  transfor- 
mation from  electrical  to  magnetic  to  mechanical  to  magnetic  to 
electrical ;  while  in  the  former  there  is  a  more  direct  transforma- 
tion from  electrical  to  magnetic  to  electrical. 

Triple  Harmonics  in  Three-Phase  Banks  of  Transformers. 

In  a  bank  of  three  identical  transformers  connected  star  on 
the  primary  side  and  operating  under  normal  balanced  condi- 
tions on  a  three-phase  system,,  the  voltages  between  the  terminals 
of  the  individual  transformers,  that  is,  the  voltages  between  the 
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Pig.  4 — Voltage  Relations — Lines  to  Neutral — Three-Phase 
Star-connected  Transformer  Bank — Balanced  Normal  Condi- 
tions. 


line  terminals  and  neutral,  are  alike  in  wave  shape,  equal  in 
magnitude  and  displaced  from  each  other  by  one-third  cycle, 
or  120  time-degrees.  Three  such  voltages  are  shown  in  Fig.  4, 
sine  waves  of  impressed  voltage  being  assumed  for  simplicity. 

It  has  been  shown  above  that  ordinarily,  when  a  transformer, 
is  energized,  there  are  produced  currents  of  harmonic  frequency 
in  the  effort  to  adjust  the  counter  e.m.f.  to  the  impressed.  If 
three  identical  transformers  have  impressed  upon  them  e.m.f s., 
which  are  identical  in  wave  shape  and  magnitude,  the  exciting 
currents  will  be  identical  in  wave  shape  and  magnitude.  If  the 
three  e.m.fs.  impressed  upon  the  three  identical  transformers, 
are  displaced  from  each  other  by  120  time-degrees,  the  corre- 
sponding exciting  current  waves  will  be  displaced  from  each 
other  by  120  time-degrees. 

Since  the  three  exciting  current  waves  are  equal  in  shape  and 
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sideration  of  any  of  the  harmonics  produced  in  the  energization 
of  transformers. 

Star-Delta.  In  a  three-phase  bank  of  transformers  with 
primary  connected  star,  and  secondary  connected  delta,  as  in 
Fig.  5;  the  triple  harmonic  components  of  exciting  current,  being 
in  phase  in  all  three  transformers,  tend  to  flow,  say,  from  line 


terminals  to  neutral  at  a  given  instant.  The  primary  neutral  is 
insulated  so  that  these  triple  harmonic  currents  can  not  flow  in 
the  primary  winding.  The  lack  of  these  triple  harmonics  of 
exciting  current  distorts  the  waves  of  flux  in  the  cores  so  that  the 
latter  contain  triple  harmonics.  Then  the  voltages,  induced  in 
the  primary  and  secondary  windings  by  the  variations  of  the 
flux,  contain  triple  harmonics,  which  are  in  phase  in  all  three  of 
the  transformers.  These  triple  harmonic  voltages,  being  in 
phase  with  each  other,  tend  to  establish  currents  in  the  same 
direction  in  all  three  transformers,  and  these  triple  harmonic 
currents  actually  obtain  in  the  transformer  operation,  flowing 
around  the  closed  delta  secondary  as  indicated  by  the  solid 
arrows  in  Fig.  5.  These  triple  harmonic  currents  in  the  secondary 
windings  establish  corresponding  triple  harmonic  fluxes  which 
neutralize  the  distortion  of  the  flux  waves  originally  caused  by 


the  absence  of  triple  harmonic  components  in  the  primary 
exciting  current.  In  effect,  the  result  is,  insofar  as  concerns  the 
transformation  of  voltage,  practically  the  same  as  if  the  triple 
harmonic  currents  were  present  in  the  primary  exciting  current. 
In  fact,  under  such  conditions,  we  say  that  the  triple  harmonics 
of  exciting  current  flow  in  the  secondary  delta. 

Star-Star  with  Four-Wire  Primary.  In  a  three-phase  bank  of 
transformers  connected  star-star  with  the  primary  neutral 


Fig.  5 


Fig.  6 
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connected  to  the  generator  neutral,  as  in  Fig.  6;  the  triple 
harmonic  components  of  exciting  currents  are  established  in  the 
primaries  of  the  transformers  with  the  neutral  as  a  common  wire 
thence  in  the  generator  windings  and  return  through  the  phase 
wires,  as  indicated  by  the  arrows  in  the  diagram,  Fig.  6. 

Star-Star  with  Isolated  Neutrals.  In  the  star-star  connected 
bank  of  Fig.  7,  both  the  primary  and  secondary  neutrals  are 
insulated,  so  that  no  third  harmonic  components  of  the  exciting 
current  can  exist.  In  such  a  case  the  flux  waves  are  badly  dis- 
torted, and  consequently  the  voltages  between  lines  and  neutral 
contain  large  triple  harmonic  components.  Since,  in  a  bank  of 
three  identical  transformers  in  normal  balanced  conditions,  the 
respective  triple  harmonics  are  equal  and  in  phase  in  all  three 
transformers,  the  differences  of  the  triple  harmonic  components 
in  any  two  transformers  are  zero,  so  that  the  triple  harmonic 
voltages  will  not  appear  between  line  terminals. 

Under  average  operating  flux  densities,  the  third  harmonic 
component  in  the  voltage  from  line  to  neutral,  in  a  bank  of  trans- 


formers connected  as  in  Fig.  7,  may  be  60  per  cent  of  the  rated 
fundamental  component  *.  It  is  obvious  that  this  will  cause  a 
serious  extra  strain  on  the  insulation  if  the  phase  relation  between 
the  fundamental  and  the  third  harmonic  components  of  voltage 
in  a  transformer  is  such  as  to  result  in  increasing  the  maximum 
value  of  the  total  voltage  wave  by  60  per  cent. 

If,  in  Fig.  7,  the  generator  neutral  is  grounded,  the  triple 
harmonic  components  of  voltage  will  be  manifested  between 
primary  neutral  and  ground.  Also,  if  the  line,  to  which  the 
secondary  is  connected,  feeds  a  grounded  neutral  load,  or  if  the 
secondary  line  is  so  extensive  that  the  admittance  between  the 
lines  and  ground  is  very  large  compared  to  the  admittance 
between  the  secondary  neutral  and  ground,  the  triple  harmonic 
voltages  will  appear  between  secondary  neutral  and  ground. 

Other  Types  of  Connections.   The  possible  three-phase 

connec- 
tions and  combinations  of  the  above  simple  cases  are  innumerable 
*  Louis  P.  Blumc,  Trans.  A.  I.  E.  E ,  1914  p.  751. 
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because  they  include  banks  made  up  of  dissimilar  transformers. 
But  the  triple  harmonic  phenomena  concerned  in  such  connec- 
tions are  fundamentally  and  essentially  the  same  in  all. 

One  more  possible  connection  will  be  discussed  because  it  gives 
rise  to  rather  unique  conditions  and  because  upon  it  the  main 
part  of  the  thesis  will  dwell. 

Star-Star  with  Grounded  Neutral  on  Line  Side  Only.  In  the 
case  of  a  bank  of  three  identical  transformers  supplied  from  an 
isolated  neutral  three-phase  source,  the  bank  connected  star- 
star  with  grounded  neutral  on  the  line  side  only  and  feeding  an 
extensive  transmission  line,  as  shown  in  Pig.  8,  there  is  no  path 
for  triple  harmonics  of  exciting  current  in  the  primaries,  but  the 
admittances  between  the  line  conductors  and  ground  complete 
the  circuits  so  that  the  triple  harmonic  exciting  currents  can  be 
established  in  the  secondary  windings  through  the  neutral  as  a 
common  wire,  thence  through  the  admittances  between  neutral 


and  line  conductors  and  return  via  the  latter  as  indicated  by  the 
heavy  arrows  in  the  diagram,  Pig.  8. 

Since  the  primary  is  essentially  open-circuited  for  currents, 
that  are  in  phase  in  all  three  transformers,  it  is  seen  that  these 
triple  harmonic  secondary  currents  are  truly  exciting  currents, 
and  as  such  are  affected  by  the  exciting  reactance  (exciting  sus- 
ceptance  divided  by  the  square  of  the  exciting  admittance)  of  the 
transformers. 

In  the  case  of  modern  transmission  lines  and  networks,  often 
involving  100  miles,  and  sometimes  many  hundreds  of  miles  of 
line,  it  is  easily  seen  that  the  impedance  offered  by  the  line  admit- 
tance to  ground  may  be  very  small  compared  to  the  open-circuit 
impedance  of  a  transformer  even  for  currents  of  fundamental 
frequency.  The  reactance  of  the  transformer  is  inductive  and 
will  be  much  larger  at  third  harmonic  frequency  than  at  funda- 
mental. On  the  other  hand,  the  equivalent  reactance  of  the  line 
is  capacitive,  and  is  consequently  much  less  at  third  harmonic 
frequency  than  at  fundamental.  So  that,  for  the  third  harmonic 
exciting  currents,  the  impedances  offered  between  line  conduc- 
tors and  ground  may  be  negligible  compared  to  the  internal 
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impedances  of  the  transformers.  This  means  that  the  major 
part  of  the  third  harmonic  voltages,  which  maintains  the  third 
harmonic  secondary  current,  is  consumed  in  the  transformer 
winding  and  that  only  a  very  small  portion  of  this  third  harmonic 
voltage  appears  across  the  terminals  of  the  transformer  between 
line  conductor  and  ground.  Essentially,  the  arrangement  is 
similar  to  a  generator  of  very  high  internal  impedance,  generating 
a  voltage  of  third  harmonic  frequency  which  is  applied  to  a  load 
of  comparatively  low  impedance.  It  is  so  like  the  phenomena  of 
some  types  of  constant  current  generators  that  the  third  har- 
monic of  exciting  current  is  often  said  to  have  constant  current 
regulation. 

From  the  above  considerations,  it  is  seen  that,  in  cases  of  long 
transmission  lines  connected  to  star-star  transformer  banks, 
having  grounded  neutral  on  the  line  side  only,  the  voltage  from 
line  terminal  to  neutral  is  not  necessarily  materially  augmented 
by  a  third  harmonic. 

Hence,  the  theory,  that  the  breakdowns  of  insulation  and 
burn-outs,  which  have  accrued  with  this  type  connection,  were 
due  to  the  third  harmonic  voltage  between  line  terminals  and 
ground,  at  least  loses  weight  as  a  general  explanation.*  Also  the 
anxiety  over  triple  harmonic  electrostatic  induction  in  com- 
munication circuits  strung  in  the  neighborhood  of  such  power 
lines  is  allayed,  t 

Even  Harmonic  Phenomena 
As  mentioned  before,  about  two  years  ago  some  tests  of  a 
star-star  connected  transformer  bank  supplying  a  three-phase 
transmission  line,  developed  unstable  conditions  and  peculiar 
phenomena,  which  had  not  been  observed  in  any  previous  tests 
or  operation  of  such  banks  so  far  as  general  opinion  and  a  survey 
of  the  literature  on  transformers  disclosed.  The  entire  absence 
of  any  direct-current  component  in  the  transformer  currents, 
and  the  stable  operation  of  the  transformers  at  impressed  volt- 
ages slightly  less  than  those  that  gave  rise  to  the  phenomena, 
eliminated  the  possibility  that  residual  magnetism  or  direct- 
current  excitation,  as  ordinarily  understood,  were  responsible 
for  the  phenomena,  t   Because  of  the  apparent  novelty  of  the 

•L.  N.  Robinson,  A.  I.  E  E.  Trans.  1915,  Vol.  XXXIV,  Part  II, 
p.  2183-2184  and  2189-2191.  (Proc.  August  1915,  pp.  1675- 1676  and 
1680-1681). 

*H.  S.  Osborne,  A.  I.  E.  E.  Trans.  1915,  Vol.  XXXIV,  Part  II,  p. 
•2179.    (Proc.  March  1916,  pp.  423-427). 
B.  Taylor,  Trans,  A.  I.  E.  E.,  1909,  pp.  725-732. 
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phenomena,  the  writer  became  interested  in  establishing  an 
explanation  consistent  with  the  generally  accepted  fundamental 
laws  of  electricity  and  magnetism. 

The  phenomena  were  accompanied  by  vibrations  and  noises 
issuing  from  the  transformers,  and  therefore  it  was  first  supposed 
that  the  trouble  might  be  due  to  a  loose  coil  or  loose  iron  vibrating 
in  response  to  the  repulsion  or  attraction  of  the  alternating  mag- 
netic fields.  The  transformers  were  new  from  the  factory  and 
had  never  before  been  in  service,  so  they  were  tested.  The  low- 
tension  windings  were  short-circuited  and  five  times  normal 
current  was  alternately  suddenly  applied  to,  and  suddenly 
removed  from,  the  high-tension  windings  several  times.  All  the 
three  transformers  in  the  bank  were  tested  thus,  and  none  of  them 
emitted  any  noise  or  showed  any  other  signs  of  distress. 

There  was  available  another  bank  of  transformers  that  had 
previously  been  in  commercial  service  several  months,  and  in 
testing  service  a  year  and  a  half.  The  transformers  of  this  bank 
differed  from  the  first  in  practically  every  essential  even  to  the 
name  of  the  manufacturer.  This  is  shown  by  the  following 
tabular  comparison  of  their  ratings: 

Bank  No.  1  Bank  No.  2 

Manufacturer                        A  B 

Type                                  Core  Core 

Frequency  (cycles)                  50  60 

Kilovolt-amperes  per 

unit                                37.5  50 

High-tension  volts ....  15000/14250/12980  22000/21450/20900/20350 

12540/7500/7125  19800/11000/10800/9900 

Low-tension  volts             440/220/110  2400/480 

The  tests  on  the  first  bank  had  given  rise  to  a  new  theory 
in  explanation  of  the  phenomena.  In  several  instances,  by  this 
theory,  it  was  possible,  by  estimates  based  upon  quite  crude  data, 
to  predict,  within  a  few  per  cent,  at  what  impressed  voltage  the 
phenomena  would  occur  in  the  second  bank.  In  one  case  in 
particular,  certain  phenomena  were  predicted  at  a  certain  im- 
pressed voltage  and  the  prediction  was  fulfilled  although,  when 
tried,  they  did  not  obtain  at  an  impressed  voltage  thirteen  per 
cent  lower. 

While  these  numerous  fulfilled  predictions  added  much  weight 
to,  and  tended  to  sustain,  the  theory,  they  did  not  necessarily 
clearly  and  conclusively  establish  it.  The  explanation  of  the 
phenomena,  so  far  as  they  had  been  analyzed,  was  submitted 
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to  the  American  Institute  of  Electrical  Engineers  at  die  Sep- 
tember meeting  of  1915.*  Since  the  ensuing  discns&aun  dnd  not 
develop  a  sufficiently  definite  contradiction  of  the  theory,  there 
was  impetus  added  to  farther  investigation. 

Briefly,  the  original  observations  involved  several  different 
conditions: 

**L  A  star-star  bank,  with  generator  neutral  isolated  and  line- 
Side  neutral  grounded.  The  duty  was  charging  a  ■TTae  37  miTes 
long. 

"2.  Another  bank  smnlarfy  connected,  but  composed  of  units 
made  by  a  different  manufacturer  and  of  dnTerent  ratings  in 
every  respect.  The  duty  of  tins  bank  was  the  same  as  for  that 
in  case  1  but  on  another  day. 

"3.  A  bank  of  1  to  1  auto-transformers  connected  star  with 
grounded  neutral,  at  the  sending  end  of  the  37-mile  line,  which 
was  charged  by  a  delta-delta  bank.** 

"4.  A  bank  of  transformers  stepping  down  from  isolated 
neutral  star  to  'interconnected  delta*.  In  this  ingt^m^  the 
current  circulating  in  the  'interconnected  delta*  contained 
prominent  even  harmonics. 

"5.  A  bank  of  13,200  to  110-volt  potential  transformers  con- 
nected star  with  grounded  neutral  to  the  sending  end  of  the  37- 
mile  line,  which  was  supplied  from  a  delta-star  bank  with  isolated 
neutraL  The  secondaries  of  the  potential  transformers  were 
open-<arcuited-" 

I.  "In  some  cases,  when  charging  the  line  from  transformers 
connected  star-star  with  grounded  neutral  on  the  line  side,  an 
undertone  of  one-half  fundamental  frequency  was  present  in  the 
leg  voltages  ( voltages  from  line  terminal  to  neutral  and  in  the 
currents  on  the  generator  side  of  the  bank."* 

II.  "In  some  other  cases,  two  of  the  kg  voltages  were  approxi- 
mately v  7~3  times  the  delta  voltage  voltage  between  Kne 
terminals;,  while  the  magnitude  of  the  voltage  of  the  third  leg 
was  approximately  normal;  that  is,  58  per  cent  of  the  defta  volt- 
age. The  leg  voltages  had  distinctly  different  wave  shapes, 
and  their  fundamental  components  were  conspicuously  not  120 
time-degrees  apart  in  phase.**  **The  currents  in  the  buses  on 
the  generator  side  of  the  bank  were  several  times  normal/* 

III.  "In  sti*l  other  cases,  the  leg  voltages  had  double  fre- 
quency components,  approximately  four  times  as  large  as  the 

J*  Robinson,  Tbass.  iLLS-L,  1915,  pp.  21S3-219& 
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fundamental  components,  and  the  transformers  vibrated  inter- 
nally." 

IV.  "In  the  case  of  the  1  to  1  auto-transformers,  the  delta 
voltages  were  affected  by  the  phenomena,  becoming  nearly  twice 
as  great  as  existed  when  the  auto-transformers  were  not  con- 
nected to  the  line.  The  delta  voltages  were  of  fundamental 
frequency  with  no  double  frequency  component,  while  the  leg 
voltages  contained  the  large  double  frequency  component." 

11  In  all  cases  in  which  the  second  harmonic  was  prominent  in 
the  leg  voltages,  it  was  in  time-phase  in  all  three  legs.  This  was 
proved  by  oscillograms  of  the  simultaneous  values  of  the  three 
leg  voltages,  by  a  measurement  of  their  vector  sum,  and  by 
fact  that  the  second  harmonic  was  not  in  the  waves  of  delta 
voltages." 

Periodically  Reversing  Leg.  In  submitting  the  previous  paper 
to  the  Institute,  it  was  said  that:  "The  case  (I  above)  in  which 
the  second  undertone,  or  'one-half  harmonic  was  present,  is 
explainable  by  a  periodically  reversing  leg;  .i.e,  one  leg  of  the 
bank  reversed  once  for  each  fundamental  cycle,  so  that  the 
fundamental  component  of  current  in  the  leg  tended  to  flow  in 
the  same  direction  through  the  unit  during  the  entire  cycle. 
In  the  next  cycle  the  leg  reversed  again,  so  that  the  fundamental 
component  of  current  tended  to  flow  in  the  opposite  direction 
from  that  in  the  previous  cycle." 

By  this  it  is  meant  that  the  transformers,  originally  in  the 
relative  electrical  positions  of  Fig.  9,  reversed  at  some  point  in 
the  cycle  and  assumed  the  relative  positions  of  Fig.  10;  and  that 
at  a  corresponding  point  in  the  next  cycle  they  reversed  back  to 
the  position  of  Fig.  9,  etc.  Because  the  delta  voltages  are  fixed 
by  the  three-phase  generator,  the  vector  differences,  by  pairs, 
of  the  fundamental  components  of  the  three  leg  voltages  must 
be  equal  in  magnitude  and  their  vectors  must  close  an  equilateral 
triangle  for  the  conditions  of  both  Fig.  9  and  of  Fig.  10.  This 
requirement  is  met  by  the  vector  arrangement  of  the  fundamental 
components  of  leg  voltages  shown  in  Figs.  11  and  12  respectively. 

While  this  gives  analytical  and  graphical  illustration  of  the 
phenomena,  it  brings  up  the  question,  how  can  there  be  a  periodi- 
cally reversing  leg  in  the  absence  of  any  pole  changing  devices? 

Causes.  As  mentioned  above,  the  phenomena  were  discovered 
under  conditions  shown  in  Fig.  8.  In  the  star-connected,  three- 
phase  transformer  bank,  under  normal,  stable  conditions  the 
fundamental  components  of  the  primary  impressed  voltages  may 


•-e  reoriented  hy  Tecr*tn  is  in  r-j^  13.  iE»  "yimf^, 
•lie  ^.ita^es  zncr^ser:  iccri  the  bank  uer-weci  rne 
*nd  5...  *nrf  rsnrHSEir  the  "^innjss  mcraBsi 
:r.dr~  if  rial  *r*n.<foracr5  ^r>«;.  I  2  mil  I  t3SJectr~e£,y 

—      —  =         £-  inif  ~c  =  E*  — 

If  i  line  'In  the  piane  cr  the  fragranT,  Ft?  13.  s  rmauad  ibmn 
•he  oriarr:  as  aars.  an  i  tnoscain:  zntrtlar  -^kicmy  if  2  *v  mtLhi* 
per  meed,  -rhere  /  5a  the  frsqnency  tf  the  rnnT«m«nmt  "^oit:- 
2<re*  in  <rritei  per  secntuf.  the  TTau'iiraifa  if  the 
"tttases  Tzli  he  eqrzal  tc  the  arteraects  preset  tms  i»  of 
exr-ies  vbrme  -ecatr  ■fiamfflTS  represent  the  maxima  <x 
respective  ~-.»ta^e  va— es.  The  r^arfr 
these  «x  vottajes  art  zr~en  in  Fhr  1-5  x  to 
oc  one  crcie  4*  indicated. 


Fir,.  *  Pig.  10  PW  II 


T?je  fundamental  components  of  the  secoofary  v^ta^^es  nnaw 
be  represented  in  similar  fashion  dhterinz  frctn  the  respective 
prirnar;,'  impressed  voltages  in  ma^mtn-ie  according  to  the  ra.:S:? 
of  transformation,  and  in  phase  by  approximately  r  ra..^^ 

For  present  p-irposes.  the  secondaries  ot  any  rrc  ot  the  trans- 
former?  say  Xos.  1  and  2.  of  the  bank  may  be  resolved  ~o  the 
typical  cir^it  ir.oKm  in  Fig.  14.  While  in  the  acttial  case,  tbe 
generator  is  not  electrically  connected  to  the  secondary  ot  tfae 
transformer,  the  generators  sho^n  in  F:^.  14  serve  merely  to 
represent  the  sources  of  the  fundamental  frequency  vx>ira^es% 
£;  and  E%.  and  combined  they  are  the  sources  of  E*. 

These  fundamental  frequency  voltages  &ive  rise  to  fundamental 
frequency  currents  in  the  respective  circuits  of  Fig.  14.  Tbese 
currents  involve  magnetomotive  forces  that  produce  magnetic 
fluxes  in  the  transformer  cores.  Because  these  cores  axe  iron, 
the  ratio,  B/H  or  4>/it  varies  during  each  cycle,  following  a 
*sis  loop  Iike  thatjof  Fig.  2,    Consequently,  the  inductance 
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of  the  circuit  varies  because  the  inductance  is  the  ratio,  <f>/i, 
multiplied  by  a  constant. 

Under  the  discussion  of  "Star-Star  Connection  with  Grounded 
Neutral  on  Line  Side  Only"  above,  it  was  shown  that  the  inductive 
exciting  reactance  of  the  transformer  might  be  smaller  than, 
equal  to,  or  greater  than,  the  series  capacitive  reactance  of  the 
line.  Since  the  manner  of  variation  of  B/H,  or  </>/i,  is  dependent 
upon  the  maximum  value  of  <f>,  or  of  i,  and  since  these  depend  in 
turn  upon  the  maximum  value  of  the  voltage,  E\  or  E%;  it  is  seen 
that  by  varying  the  voltage  a  value  will  be  reached  where  the 
circuit  becomes  resonant;  that  is,  where  the  inductive  reactance 
of  the  transformers  and  line  becomes  equal  in  magnitude  and 
opposite  in  sign  to  the  capacitive  reactance. 

This  leads  directly  to  the  most  interesting  fact,  that  the  sum 
of  the  magnetomotive  forces  in  the  transformer,  primary  and 


Fig.  12  Fig.  13  Fig.  14 


secondary  combined,*  will  pass  through  zero  at  the  same  in- 
stant as  the  impressed  voltage,  Ei,  for  some  value  of  this  voltage. 

Consider  now  the  hysteresis  loop  of  Fig.  16.  The  dashed 
loop  is  the  one  that  would  obtain  under  normal  stable,  or  bal- 
anced, conditions  such  as  shown  in  Figs.  9  and  11.  Starting 
from  the  point,  A,  the  flux  will  vary  along  the  curve  to  B  as 
indicated  by  the  arrow.  If,  as  the  total  magnetomotive  force 
passes  through  zero  at  this  point,  Bt  the  voltage,  Ei,  also  passes 
through  zero;  the  electrical  circuits  of  transformer  No.  1  are 
collapsed;  that  is,  E\  is  passing  through  the  value  shown  in  Fig. 
15  (d).  In  the  succeeding  instant,  as  Ei  increases,  the  transformer 
No.  1  may  assume  the  position  of  Fig.  9  or  the  reversed  position 
of  Fig.  10.  Which  will  it  select  ?  Nature  demands  the  easiest 
course,  so  it  will  select  the  reversed  relations  of  Fig.  10  and  12. 

At  the  point,  B  of  Fig.  16,  there  is  energy  stored  in  the  core.f 

*C.  P.  Steinmetz,  "Theory  and  Calculation  of  Electric  Circuits,"  p.  219, 
Fig.  106. 

tC.  P.  Steinmetz,  "Theory  and  Calculation  of  Electric  Circuits,"  p.  56, 
§36. 
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material,  that  induces  storage  of  energy  in  such  manner  as  to 
create  negative  inertia. 

From  the  standpoint  of  inertia,  when  the  m.m.f .  is  altered  by 
a  small  amount  from  that  at  the  point,  B  on  the  loop  of  Fig. 
16,  only  a  slight  change  in  4>  will  be  required  if  the  flux  proceeds 
along  the  solid  curve  toward  C;  that  is,  little  inertia  need  be 
overcome;  whereas  a  large  change  in  will  be  required  to  carry 
the  flux  along  the  dashed  curve  toward  K. 
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Fig.  16 — Hysteresis  Loop  for  "Reversing  Leg" 

To  store  more  energy  or  to  extract  some  of  the  stored  energy 
would  require  an  expenditure  of  energy  proportional  to  the 
amount  of  energy  to  be  stored  or  extracted.  The  expenditure 
of  energy  results  in  work  being  done.  To  change  the  amount 
of  stored  energy  represented  by  the  flux  at  the  point,  B,  to  that 
at  the  point,  K,  would  demand  that  an  amount  of  work  be  done 
which  is  proportional  to  the  increment  of  m.m.f.  multiplied  by 
the  difference  of  the  fluxes;  that  is,  the  work  would  be  approxi- 
mately 


r      _    F*.    (</>,-  0K) 

K  2 
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Whereas,  to  change  the  stored  energy  from  that  at  B  to  that  a* 
C  would  require  approximately 

2 

for  an  increment  of  mjni.  equal  in  magnitude  to  FK. 

It  is  seen  from  the  diagram.  Fig.  16,  that  ^  —  ^  is  less  r**^ 

-       in  magnitude, 
and  since 

F*  =  -  f  c 

H'c  =  Fc  i0c  ~  ^  is  less  than  Wm-F* 

2  K  * 


Hence,  by  both  the  theories  of  inertia  and  of  feast  woric. 
of  the  transformers  of  the  bank  win  reverse  under  the  gi\wi 
conditions. 

After  the  transformer  flux  has  started  from  the  point.  B 
toward  the  point,  C\  it  win  continue  along  the  solid  curve  to  m> 
point.  D,  where  the  maximum  m.m.f.  is  reached.  hwAi^  ***** 
impressed  voltage  is  continuously  applied.    If  Fa  is  equal  to 
or  greater  than,       <>»  will  be  greater  than  pA  because  of  ti» 
energy  stored  at  the  point,  B.  where  F=0:  fust  as  a  separate!-.-  ex- 
cited generator  win  build  up  to  higher  value  of  voltage  if  rr  fy^^ 
some  initial  magnetism  than  it  will  if  the  rhix  is  inrtallv- 
As  the  rn.in.-f-  decreases,  the  chix  will  fellow  the  solid 
from  D  to  £,  where       is  different  from       so  that,  whor  tie 
curve  crosses  the  axis  at      the  inagnetomotive  force.  F.  a^£  tifce 
impressed  voltage,  E:.  do  not  pass  through  zero  together.  Ooir— 
sequently  another  reversal  does  not  take  place  at  the  tjcxtx— 
but  the  dux  proceeds  alonz  the  solid  curve  to  the  poiirt.  ^  " 
and  thence  to  B  \  where  another  reversal  takes  place,  returrtnx^ 
the  transformers  to  the  relative  poations  of  FrgSv  t>  And  II; 
so  oc  reversing  once  in  each  fundamental  cycle. 

If  the  magnetomotive  force  or  vcitage  waves  c»?ctaia  Hr^r 
monic  components,  the  problem  becomes  more  compocazeii;  "^nr 
the  phenomena  of  periccic  reversal  vzZ  cctain  wheat  tha 
rmt  conditions  are  such  that  thie 


trie  ma^necomoctve  rorces  in  tne  transicmter  passes  thrvu^!i 
xero  T  *  same  instant  as  the  —pressed  vvitagc 
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The  effect  of  this  periodic  reversal  is  to  distort  the  voltages 
between  line  terminals  and  neutral  as  indicated  by  Figs.  11  and 
12,  and  to  introduce  high  harmonics  because  of  the  enormous 
magnetic  densities  to  which  transformers  Nos.  2  and  3  are  sub- 
jected. 

Since  the  period  of  a  total  cycle  of  a  reversing  leg  is  twice  as 
long  as  the  fundamental  frequency  cycle  of  the  impressed  voltage, 
the  phenomena  are  easily  distinguishable  by  the  presence  of  a 
second  undertone,  or  ''one-half"  harmonic,  in  the  voltages 
between  line  terminals  and  neutral. 

Tests.  It  was  attempted  to  simulate  the  conditions  of  Fig.  8 
in  the  laboratory  by  using  three  similar  10  kv-a.  trans- 
formers. Unstable  conditions  were  obtained,  but  almost  as 
soon  as  they  appeared,  arcs  would  develop  in  the  condensers, 
producing  large,  very  high-frequency  effects  that  made  the 
recording  of  oscillograms  useless.  The  only  condensers,  that 
were  available  and  at  all  suitable  for  the  purpose,  were  one 
microfarad  and  two  microfarad  paraffin  paper  telephone  con- 
densers which  apparently  are  not  of  sufficient  dielectric  strength. 
Other  methods  of  obtaining  the  conditions  are  under  considera- 
tion and  will  be  tried  as  soon  as  possible. 

Permanently  Reversed  Leg.  The  previous  paper  disposed  of 
Case  II  by  saying:  "In  the  case  with  the  stable  unbalanced  leg 
voltage  condition,  the  neutral  on  the  generator  side  of  the  bank 
assumed  a  fixed  position  with  one  leg  reversed  so  that  the  volt- 
ages from  two  of  the  line  conductors  to  neutral  were  approxi- 
mately V  7,  (2.64),  times  the  voltage  from  the  third  conduc- 
tor to  neutral. 

It  is  easily  demonstrated  in  the  laboratory  that  one  trans- 
former of  an  energized  three-phase  star-star  connected  bank  will 
collapse  if  a  non-reactive  load  is  connected  between  one  line 
terminal  and  neutral;  that  is,  the  voltage  of  this  transformer 
will  fall  to  zero,  and  the  other  two  will  operate  as  in  the  open- 
delta  connection  under  no-load. 

It  is  equally  simple  to  demonstrate  that,  by  applying  to  one 
transformer  of  the  energized  star-star  connected  three-phase 
bank  an  e.m.f .  from  a  single-phase  generator,  the  voltage  of  this 
transformer  may  be  made  to  assume  any  desired  phase  relation 
with  respect  to  the  voltage  of  the  other  two  by  merely  adjusting 
the  phase  relation  between  the  three-phase  generator  supplying 
the  bank  and  the  auxiliary  generator.  Among  these  possi- 
bilities is  the  reversed  leg  relation  of  Fig.  10,  whose  voltage  re- 
lations are  given  in  Fig.  12. 
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Of  course,  it  must  be  noted  that  in  these  abnormal  relations, 
the  voltages  on  at  least  two  of  the  transformers  are  abnormal 
because  the  vector  difference  of  the  leg  voltages  by  pairs  must 
always  be  the  voltages  between  line  terminals  supplied  by  the 
three-phase  generator.  Hence,  unless  the  tests  are  conducted 
at  low  voltages,  dangerous  voltages  may  arise  or  excessive  excit- 
ing currents  be  demanded. 

Causes.  The  question  arises;  what  causes  the  transformer, 
under  service  conditions,  to  reverse  to  this  abnormal  position, 
Fig.  10,  rather  than  assume  the  normal  position  of  Fig.  9? 

It  is  to  be  recalled  that  the  abnormal  phenomena  arose  upon 
charging  the  transformers  and  line  together  by  closing  the  oil- 
switch  on  the  generator  side  on  the  bank.  As  stated  in  the 
previous  paper;  "when  charging  the  line  the  first  time,  leg  A 
might  reverse  and  continue  reversed  as  long  as  the  bank  was 
excited.  Switching  off  and  on  again  might  bring  either  leg  B 
or  leg  C  in  reversed,  and  the  reversed  leg  would  be  a  stable  con- 
dition as  long  as  the  transformers  and  line  were  energized. 
Occasionally,  the  three  legs  would  come  in  without  a  reversed 
leg  and  conditions  would  be  normal." 

Subsequent  to  these  tests,  large  accumulations  of  atmospheric 
electricity  were  observed  on  the  line  conductors  under  favorable 
seasonal  conditions.  With  the  line  isolated  throughout  its  length, 
an  electrostatic  voltmeter  indicated  differences  of  potential 
between  line  conductors  and  ground  well  up  in  the  hundreds  of 
volts.  The  electrostatic  voltmeter  had  a  range  of  only  80  volts 
and  by  the  use  of  a  series  capacitance  as  multiplier  the  range 
could  be  raised  to  only  something  like  300  volts,  but  the  poten- 
tials went  well  beyond  this  range.  After  grounding  the  line  to 
drain  the  charge,  the  potentials  would  build  up  again  in  a  few 
minutes.  When  neighboring  bodies  at  or  near  the  same  hori- 
zontal plane  become  charged  with  atmospheric  electricity,  they 
all  accumulate  charges,  which,  though  they  may  differ  among 
themselves,  give  all  these  bodies  potentials  of  the  same  algebraic 
sign  with  respect  to  the  earth  potential. 

These  considerations  give  foundation  to  the  idea  that,  shortly 
after  the  three-phase  alternating-current  supply  to  the  lines  has 
been  disconnected,  the  line  conductors  assume  potentials  of  the 
same  sign,  say  positive.  True,  under  the  conditions  where 
these  phenomena  were  discovered,  Fig.  8,  the  line  conductors 
were  connected  to  grounded  neutral  transformer  windings;  but 
:ndings  and  conductors  themselves  have  resistance,  so 
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that  any  drainage  of  the  charge  from  conductors  to  ground 
necessitates  a  difference  of  potential,  and  all  three  conductors 
will  continue  to  have  positive  potentials,  however  large  or  small. 

When  the  oil  switch  is  closed  on  the  generator  side  of  the  bank, 
the  inertia  of  the  electric  and  magnetic  fields  tends  to  keep  all 
three  of  the  line  conductors  and  transformer  windings  at  positive 
potentials  with  respect  to  the  earth,  and  the  alternating  currents 
start  through  the  transformers  in  conformity  with  the  initial 
conditions  provided.  After  once  started,  the  phenomena  of  the 
permanently  reversed  leg  must  continue  unless,  at  some  point 
in  the  cycle,  the  sum  of  the  m.m.fs.  in  the  reversed  transformer 
passes  through  zero  at  the  same  instant  as  the  impressed  voltage, 
and  the  transformer  reverses  periodically  as  discussed  above  in 
connection  with  Fig.  16;  or  the  even  multiple  frequency  discussed 
below,  or  other  yet  undiscovered  phenomena  intervene  and  take 
precedence. 

Pulsating  Neutral.  In  the  third  case  presented  in  the  pre- 
vious paper,  the  voltages  between  line  conductors  and  ground 
contained  even  multiple  frequency  components.  The  original 
explanation  of  this  phenomenon,  though  not  contradicted,  was 
questioned  for  want  of  clearness,  and  it  will  therefore  be  dis- 
cussed here  more  fully. 

It  has  been  shown  above  that,  when  the  transformers  and 
line  of  Fig.  8,  are  energized  by  closing  a  switch  on  the  generator 
side  of  the  bank,  one  of  the  transformers  may  come  in  reversed 
on  account  of  the  initial  potential  of  the  line  conductors  (see 
Fig.  10) ;  and  that,  if  the  sum  of  the  magnetomotive  forces  in  the 
reversed  transformer  does  not  later  pass  through  its  zero  value 
at  an  instant  when  the  impressed  voltage  passes  through  zero, 
there  will  be  no  opportunity  for  this  transformer  to  reverse  to 
its  normal  position,  Fig.  9. 

With  transformer  No.  1  reversed  and  Nos.  2  and  3  in  the 
positions  shown  in  Fig.  10,  the  fundamental  component  of  volt- 
age in  Nos.  2  and  3  is  2.64  times  that  in  No.  1.  At  low  magnetic 
densities,  this  unbalance  in  the  voltages  apparently  does  not 
produce  excessive  unbalance  of  energy  requirements  among  the 
three  phases. 

But  as  the  voltage  is  increased,  and  the  hysteresis  loop  of  the 
transformers,  Nos.  2  and  3,  bends  over,  as  in  the  outer  loop  of 
Fig.  27,  page  52  of  Steinmetz,  "Theory  and  Calculation  of 
Electric  Circuits,"  the  energy  requirement  in  transformers  Nos. 
2  and  3  becomes  enormous  and  thus  with  that  of  transformer 
No.  1  produces  a  gross  unbalance. 
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Such  being  the  case,  it  appears  to  be  easier  for  the  transformers 
to  assume  electrical  relations  as  lateral  edges  of  an  inverted 
isosceles  tetrahedron,  Pig.  17,  and  thereby  balance  their  energy 
requirements  rather  than  assume  the  plane  relations  of  Fig.  10. 
The  edges  of  the  base  of  the  vector  tetrahedron,  Fig.  18,  corres- 
ponding to  Fig.  17,  are  the  voltages  between  line  terminals  and 
conform  to  the  limitations  set  by  the  generator.  The  vectors 
from  the  center  of  the  base  to  the  corners  of  the  base  are  the 
fundamental  components  of  the  leg  voltages. 

Since  the  line  conductors  tend  to  stay  at  a  positive  potential 
with  respect  to  the  earth,  and  since  the  potential  of  the  earth  is 
constant,  zero,  the  base  of  the  tetrahedron  must  be  lifted  from 
the  apex  to  its  maximum  position  twice  in  each  fundamental 
cycle.    That  is,  the  difference  of  potential  between  the  apex 


(neutral  of  the  transformers)  and  the  center  of  the  base  (neutral 
of  the  line  conductors)  has  two  maxima  and  two  minima  for 
each  fundamental  cycle.  Hence,  the  e.m.f.,  represented  by  a 
vector  coincident  with  the  altitude  of  the  tetrahedron,  has 
double  frequency.  The  lateral  edges  of  the  tetrahedron  do  not 
represent  the  leg  voltages  because  thus  far  it  is  only  possible  to 
represent  single  frequency  variables  by  single  vectors;  and  leg 
voltages  are  the  vector  differences  between  the  double  frequency 
vector  (altitude  of  tetrahedron)  and  the  fundamental  frequency 
leg  voltage  components  (center  of  base  to  corners  of  base). 

While  this  explanation  is  perhaps  still  unsatisfactory  in  com- 
pleteness, it  is  as  far  as  it  is  possible  to  go  at  present.  To  sum 
it  up:  it  seems  that,  at  higher  voltages  and  consequently  higher 
flux  densities,  the  pulsating  neutral  phenomena,  evidenced  by 
the  double-frequency  voltages  between  line  terminals  and  neu- 
tral, are  preferable  to  the  permanently  reversed  leg  phenomena 


Fig.  17 


Fig.  18 
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either  because  the  former  produce  better  balance  in  the  energy 
requirements  of  the  three  units  or  because  they  make  less  total 
energy  demand  on  the  system,  or  both.  The  last  is  probably 
the  actuality  because  in  nature  a  symmetrical  balance  is  usually 
requisite  to  maximum  efficiency. 

Auto-Transformers.  In  the  fourth  case,  the  high-voltage  wind- 
ings of  a  bank  of  transformers  were  connected  star  to  ground  the 
neutral  of  an  otherwise  isolated-neutral  transmission  line.  The 
low-tension  windings  of  the  star-connected  transformers  were 
also  star-connected  with  no-load,  but  neutral  grounded  to  guard 
against  induced  potentials.  Thus,  in  effect,  these  star-connected 
transformers  were  1  to  1  auto-transformers  or  ironclad  reactors 
connected  between  line  conductors  and  ground. 

The  even  harmonic  phenomena  were  observed  with  this  ar- 
rangement much  as  in  the  case  of  the  star-star  connected  trans- 
formers discussed  above.  Further  than  this,  the  voltages  be- 
tween line  terminals  were  approximately  doubled  by  the  presence 
of  the  auto-transformers. 

At  this  time,  nothing  more  can  be  said  in  explanation  of  the 
behavior  of  the  auto-transformers  than  was  said  in  the  previous 
paper,  except  insofar  as  the  above  discussion  of  star-star  con- 
nected transformers  applies. 

Sixth-Harmonic.  Under  the  conditions  where  the  secfond  har- 
monic prevailed  in  the  voltages  between  line  conductors  and 
ground,  there  was  a  large  sixth  harmonic  component  in  the  line 
and  neutral  currents,  but  there  was  no  pronounced  sixth  har- 
monic component  in  the  voltages  between  any  line  terminals  of 
the  transformers  and  neutral.  This  sixth  harmonic  current  is, 
of  course,  the  third  harmonic  of  the  second,  and  is  required  in 
the  adjustment  of  the  current  in  the  ironclad  circuit  to  meet 
the  second  harmonic  voltage  conditions. 

Vibrations — Noises.  After  a  consideration  of  the  tremendous 
forces,  electromotive  and  magnetomotive,  to  which  the  trans- 
formers were  subjected  during  the  phenomena  discussed  above, 
it  seems  almost  like  adding  insult  to  injury  to  wonder  why  the 
transformers  vibrated  and  emitted  noises  evidencing  distress. 

There  can  be  no  doubt  that  these  vibrations  and  noises  were 
the  results  of  alternate  repulsion  and  relaxation  of  stresses  in  the 
cores  or  coils,  or  both,  and  in  their  supports  and  braces,  produced 
by  the  extremely  large  fluxes  involved. 

Laboratory  Tests.  In  order  to  arrive  at  a  rigorous  solution  of  the 
phenomena,  it  is  naturally  desirable  to  study  them  under  labora- 
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Next,  series  resistances  up  to  approximately  200  ohms  each 
were  inserted  in  the  line  conductors.  These  had  no  observable 
effect  on  the  production  of  the  phenomena.  They  probably 
reduced  the  magnitudes  of  the  currents  somewhat  but  even  this 
was  not  noticeable  on  the  oscillograph. 

It  was  suggested  that  admittances  connected  directly  between 
line  conductors  might  have  some  effect.  Some  different  com- 
binations of  delta-admittances  alone,  and  of  delta-  and  Y- 
admittances  together  were  tested.  The  phenomena  depended  as 
before  upon  the  magnitude  of  the  Y-admittances  and  upon  the 
impressed  voltage.  The  oscillograms,  T-4,  T-5  and  7"-6  are  the 
main  records.  They  show  substantially  the  same  variation  of 
the  line  to  neutral  currents  as  oscillograms  T-l9  T-2  and  jT-3. 
The  conclusion  to  be  drawn  is  that  the  admittances  connected 
directly  between  line  conductors,  though  necessarily  affecting 
the  line  to  neutral  currents  to  some  extent,  are  not  essential  to 
the  production  of  the  phenomena  of  instability. 

Conclusion 

While  the  foregoing  can  not  be  thought  of  as  expressing  the 
conclusive  solution  of  these  most  interesting  phenomena,  it  is 
felt  that  the  recent  work  has  resulted  in  substantial  progress. 
In  reviewing  the  subject,  it  is  gratifying  to  note  that  the  theory 
still  stands  in  essence  as  originally  outlined  though  there  have 
been  many  additions  and  adjustments  which,  however,  have 
served  only  to  make  the  factors  more  consistent. 

Since  the  original  tests  were  made,  the  writer  has  been  told 
of  a  case  where,  in  starting  up  an  auxiliary  plant,  inexplicable 
vibrations  in  the  transformers  were  observed  under  conditions 
similar  to  those  involved  in  these  experiments.  It  happened  on  a 
grounded  neutral  100,000-volt  system,  where  the  grounding 
transformers  usually  had  secondary  or  tertiary  deltas.  The  bank 
at  this  auxiliary  station  had  no  such  delta.  In  starting  up  this 
time,  the  line  was  energized  from  this  station,  to  be  synchronized 
at  a  distant  station.  As  soon  as  the  distant  station,  with  its 
tertiary  delta-star  grounded  neutral  bank,  was  connected  to  the 
line,  the  vibrations  in  the  transformers  at  the  auxiliary  station 
ceased. 

Since  then,  the  writer  also  noted  the  remark  of  Mr.  Bernard 
Price  in  the  latter's  recent  discussion  of  the  report  of  the  Trans- 
mission Committee  of  the  American  Institute  of  Electrical 
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T-l  Line  to  Neutral  Currents  in  All  Three  Phases,  1940,  (II20V3) 
Volts  Between  Line  Terminals  Impressed  on  Transformers, 

Approximately  6  microfarads  per  phase,  line  to  neutral, 
V-l    Current  of  phase  1, 
V-2    Current  of  phase  2, 
V-3    Current  of  phase  3. 


T-2  Same  as  T-l    Except   1820,    (1050X^3),  Volts  Between  Line 
Terminals  Impressed  on  Transformers 


[ROBINSON] 

T-3  Conditions  Same  as  for  T-l 

IM    Fundamental  (60 -cycle)  timing  wave, 
V-2    Neutral  current, 
l'-3    Current  of  phase  3. 
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T-4   2130.    (1230 V3),  Volts  Between  Line  Terminals  Impressed 

on  Transformers 
Admittances  Between  Line  Conductors  and  Neutral  and  Between 

Line  Conductors 

VA  Current,  phase  1  to  neutral.  1.59  amperes,  r.m.s. 
V-2  Current,  phase  2  to  neutral,  1.60  amperes,  r.m.s. 
V-3    Neutral  current,  3.50  amperes,  r.m.s. 


T-3  Conditions  Same  as  for  TA  Except  2110  Volts  Between  Line 
Terminals  Impressed  on  Transformers 

V'-l  Current,  phase  1  to  neutral,  150  amperes,  r.m.s. 
V-2  Current,  phase  2  to  neutral,  1.50  amperes,  r.m.s. 
V-3    Current,  phase  3  to  neutral,  1.50  amperes,  r.m.s. 


■  ROBINSON) 

;\G  Conditions  Same  as  for  TA  Except  2120  Volts  Between  Line 
Terminals  Impressed  on  Transformers 

VA  Current,  phase  1  to  neutrai,  1.55  amperes,  r.m.s. 
V-2  Current,  phase  2  to  neutral,  1.55  amperes,  r.m  s. 
1-3    Fundamental  (60-cycle)  timing  wave. 

e  current  from  each  transformer,  including  currents  between 
its  from  line  conductors  to  neutral,  ranged  from  2.00  to 
-n.s.,  increasing  with  increased  voltage. 
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Engineers.*  In  the  second  from  the  last  paragraph  on  page  596, 
Mr.  Price  says:  "With  the  neutral  of  the  40,000-volt  system 
earthed  at  two  distant  points,  we  found  the  presence  of  a  com- 
paratively large  amount  of  even  harmonics,  the  sixth  being 
predominant  and  over  20  per  cent  of  the  fundamental  in  value 
and  in  phase  with  it."  There  can  be  little  doubt  that,  by  the  use 
of  the  oscillograph,  he  has  discovered  much  the  same  phenomena 
as  have  been  here  discussed. 

An  attempt  to  reach  Mr.  Price,  in  South  Africa,  by  letter 
dated  in  December  1916  has  probably  been  interrupted  by  ship- 
ping conditions.  No  reply  has  been  received  up  to  April  24, 1917. 

These  two  cases  observed  in  commercial  practise,  one  in  South 
Africa  and  one  in  the  United  States,  coupled  with  the  facts  that 
our  original  tests  were  conducted  on  two  dissimilar  banks  of 
transformers,  and  that  certain  of  the  associated  phenomena  were 
produced  in  a  bank  of  three  10- watt  potential  transformers  in 
the  laboratory,  are,  at  least,  indications  that  the  phenomena  were 
not  locally  peculiar  to  special  conditions  as  might  be  thought  at 
first  sight. 

The  writer  believes  that  a  system  of  notation,  similar  in  its 
application  to  that  of  the  present  plane  vector  complex  quantity 
notation  used  in  expression  of  single-frequency  phenomena,  wotild 
be  eminently  useful  in  handling  the  above  phenomena  of  in- 
stability. It  hardly  seems  possible  that  there  is  no  simple  means 
available  for  representing  in  one  diagram  multiple-frequency 
variables  either  separately  or  combined.  In  Fig.  18,  an  attempt 
has  been  made  toward  an  extension;  but  it  has  not  gone  very  far, 
and  difficulties  would  obviously  be  encountered  if  an  attempt 
were  made  to  include  the  third,  sixth  and  a  few  other  harmonics. 
Probably  vectors  in  three-dimensional  space  will  not  suffice. 

In  closing,  the  writer  desires  to  acknowledge  his  indebtedness 
to  many  engineers  who,  by  their  criticisms  and  suggestions,  have 
encouraged  the  work ;  and  for  the  facilities  placed  at  his  disposal 
for  conducting  the  tests  and  experiments. 

♦Trans.  A.  I.  E.  E.,  Vol.  XXXV,  1916,  pp.  590-597. 
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MAGNETIC  FLUX  DISTRIBUTION  IN  ANNULAR 
STEEL  LAMINAE 


BY  A.  B.  KENNELLY  AND  P.  L.  ALGER 


Abstract  of  Paper 
The  distribution  of  alternating  magnetic  flux  density  in  ring 
laminae  is  studied  experimentally.  It  is  found  to  differ  materially 
at  different  radii,  not  only  in  root-mean-square  magnitude,  but 
also  in  wave  form.  The  reasons  for  this  distortion  are  discussed. 


IT  IS  well  known  that  when  a  circular  steel  lamina,  of  the 
simple  geometrical  form  shown  in  Figs.  1  and  4,  is  subjected 
to  a  circumferential  alternating  m.m.f.,  by  the  application  of  a 
ring  winding,  the  magnetic  flux  density  in  the  lamina  is  not 
constant  over  the  cross  section,  but  varies  with  the  distance  from 
the  midplane.  The  flux  density  is  greatest  at  the  surfaces  and  is 
a  minimum  at  the  midplane,  owing  to  what  is  commonly  called 
"skin  effect/ '  or  magnetic  screening  due  to  superficial  eddy 
currents.  This  variation  of  flux  density  may  be  called  "depth 
variation."  The  experiments  here  reported  were  undertaken  to 
ascertain  whether  the  flux  density  in  the  plane  of  the  lamina 
likewise  varied.  If  "edge  effect"  were  present,  the  flux  density 
would  be  greatest  at  the  inner  and  outer  edges,  and  would  reach 
a  minimum  at  the  mid  radius.  Such  variations  of  flux  density 
may  be  called  "radial  variations."  The  experiments  have  shown 
that  there  is  a  very  marked  radial  variation  of  flux  density  in  such 
laminae,  and  also  a  very  marked  difference  in  the  wave  form  of 
alternating  magnetic  flux  density  at  different  radial  belts;  but 
these  variations  are  to  be  attributed,  for  the  most  part,  to 
variations  in  the  permeability  /x  of  the  metal  under  the  different 
values  of  5C  at  the  different  radii,  the  "edge  effect"  or  lateral 
magnetic  screening  being  small  in  comparison  therewith. 

The  m.m.f.  of  the  ring  winding  has  of  course  one  and  the  same 
value  in  all  of  the  circumferential  belts.  The  same  ampere  turns 
or  gilberts  act  on  the  outer  edge  as  on  the  inner  edge.  The 
gilberts  per  cm.  are  therefore  less  at  the  outer  than  at  the  inner 
edge.  This  excess  of  magnetic  intensity  CfC  towards  the  inner  edge 
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^£tt»3t^*r  vat  rr*  5trr:  tc  f.'-yrrar-ir  Tagrggc  £=x  is 
^•asA&vy  ^  r.x-xr.  *r  *ie         irtnr  -vTar  :c  -±e  toca*  Sax  in 

T'v*^  i:r,tr:x*it  tc  TttsL  zesstrj.  £j±ccs^  .g>  striking, 
ar»  zrx  *^~t*^  rj*nr    JIs^c  tsj  ^.lef  LTjeitDic:  tc  ire  fact  that 

t't*  rusir.  rrrjr  d^.cty  —  'Jut   a- el  znr*  it  &  fjt^amo  anna- 

rir^  'ss^-fvi  V  ritr-^f  iSt  ttt^I  — 1  17  the  zrtratnre  cross 
^hf.*:sx.  u  rs,*,  i^rrjt  the  arr  ~^t£c£l  mear:  of  the  flux 
<*jccsst:j?k  at  th*  :r,r>*r  ^ryi  c^rt/sr  r^fn1  X5c^2=mer*  has  also 
cr/tr.r^t^i  t?js  ftu:  /2er-.:ties  at  direr^t  rs^Ei  cf  a  laminated  ring 
transfonr^r,  ar.d  panted  T«rt  trat  at  average  densities, 
the  dhtrxr/sty/r.,  v-hb  a  ;>enreabil:tv  ass^jed  constant,  must  be 


Pio,  1 — Silicon  Steel  Lamina 

markedly  different  from  that  with  permeability  varying  with  JC 
in  the  ordinary  way,  So  far  as  we  are  aware,  however,  the  matter 
has  not  been  investigated  experimentally,  and  the  necessarily 
accompanying  distortion  in  magnetic  wave  form  has  not  been 
noticed  or  referred  to. 

Laminae  Tested.  The  laminae  were  annular  stampings  of  high- 
glicon  steel.  The  external  diameter  of  these  stampings  was 
50.8  cm.  (20  in.),  the  internal  diameter  was  40.6  cm.  (16  in.)  and 
ibac  thiekness  0.K55  mm,  (0.014  in.).  These  Vere  standard 
^ank  stampings  of  best  grade  transformer  steel.  The  material 
-ffdiaracteri.'od  by  high  resistivity  (52000  absohm-cm.),  with  a 

yk  QyoAtUtMM<t*chin*n  fur  Gleieh-und  WechseJstrom,  3rd  Edition,  p. 

"  2iSr  vhinscher  Yortrage,  Vol.  II,  Part  IMS.  M»*- 

Vthftmmer. 
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low  temperature  coefficient  of  the  same,  and  a  high  initial  per- 
meability. 

A  laminated  core  was  made  up  of  25  of  the  above  stampings, 
using  an  insulating  layer  of  paper  0.076  mm.  (0.003  in.)  between 
laminae.  The  resulting  core  had  an  average  thickness  of  1.2 
cm.  (0.47  in.)  The  weight  of  steel  in  the  core  was  4.78  kg. 
(10.51b.) 

As  is  indicated  in  Fig.  1,  small  holes  a,  bt  were  drilled  through 
the  core,  in  a  diametral  line  0  D,  and  perpendicular  to  the  plane 
of  the  laminae.  The  diameter  of  each  hole  was  1.02  mm.  (0.040 
in.)  Figure  2  gives  in  greater  detail  the  distances  between  these 
holes,  and  the  edges  of  the  core.  The  object  of  the  holes  was  to 
divide  the  core  radially  into  three  concentric  annular  belts, 


Fig.  2 — Showing  Positions  of  Holes  Fig.  3 — Bblt 

for  Belt  Windings  Windings 

the  magnetic  flux  in  each  of  which  could  be  separately  determined 
by  the  aid  of  suitable  windings  through  the  holes.  Four  fine 
insulated  copper  wires  were  passed  through  each  hole  to  form 
a  winding  of  two  turns  (Fig.  3)  around  each  annular  belt.  By 
the  use  of  a  Drysdale-Tinsley  potentiometer,  the  voltage  induced 
in  these  two-turn  windings  could  be  measured  at  all  the  fre- 
quencies employed.  In  order,  however,  to  obtain  oscillograms 
of  the  induced  alternating-voltage  wave  forms,  it  was  found 
necessary  tQ  employ  windings  of  more  numerous  turns,  and  two 
sets  of  larger  holes  (diam.  5.6  mm.  or  0.22  in.)  to  receive  these 
windings,  were  drilled  on  another  diametral  line  Df  D\  as  shown 
in  Fig.  1.  Twenty  turns  were  used  in  these  larger  belt  windings. 

A  primary  single-layer  winding  was  distributed  around  the 
core,  consisting  of  450  turns  of  d.c.c.  copper  wire  No.  19  A.  W.  G. 
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(bare  diam.  0.91  mm.)  divided  into  six  coils  aa\  bb\  Pig.  4, 
averaging  75  turns  each.  In  addition,  two  secondary  coils  cc\ 
cc\  of  75  turns  each,  were  applied  at  diametrically  opposite 
sectors,  around  all  the  laminae  forming  the  core. 

The  sources  of  primary  impressed  voltage  were  two  three- 
phase  alternators,  specially  designed  by  Prof.  C.  A.  Adams,  to 
deliver  a  close  approximation  to  a  sinusoidal  wave.  One  of  these 
generators  was  used  up  to  a  frequency  of  100  ~,  and  the  other 
for  frequencies  from  100  ~  to  800  ~.  The  electrical  connections 
are  indicated  in  Pig.  4. 


Pig.  4 


Methods  op  Testing 

A-C.  Tests.  The  method  of  testing  by  alternating  currents 
consisted  in  impressing  a  sinusoidal  e.m.f.  on  the  primary  wind- 
ing W  Pig.  4,  of  the  desired  frequency,  so  as  to  produce  a  total 
flux  in  the  core  of  sinusoidal  wave  form.  The  average  maximum 
cyclic  flux  density  generated  in  the  core  was  then  deduced  from 
observations  of  the  voltmeter,  and  also  from  Drysdale  poten- 
tiometer readings  on  a  single  secondary  turn  S,  around  the  core. 
The  total  flux  in  the  core  was  found  to  be  substantially  sinusoidal, 
as  shown  in  Fig.  5,  which  is  an  oscillogram  of  the  e.m.f.  induced 
in  5|.  It  was  soon  found,  however,  that  the  fluxes  in  the  three 
annula-  non-sinusoidal.  The  three  fundamental  com- 
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ponents  of  the  inner,  middle  and  outer  belt  e.m.fs  from  the  inner, 
middle,  and  outer  secondary  coils  5<,  Sm  and  S0  respectively, 
were  measured  on  the  Drysdale  potentiometer,  as  is  indicated  in 
Tables  I,  II,  and  III  for  the  frequencies  of  60,  340  and  696  ~. 

Belt  Potentiometer  Tests.  The  results  arrived  at  in  the  fore- 
going tables  show  that  the  maximum  fundamental  flux  densities 
in  the  three  belt  paths  are  very  different,  especially  towards  low 
densities.  The  cross  sections  of  the  three  belt  paths,  as  de- 
termined by  the  positions  of  the  two  small  holes  through  the 
core,  were  equal  within  3  per  cent;  but  the  outside  belt  carried 
at  Bmax.  =  1000,  340  ~,  only  24  per  cent  of  the  total  flux  instead 
of  30.9  per  cent  on  the  basis  of  constant  permeability.  On  the 
other  hand,  the  inside  belt  carried  45  per  cent.  The  middle 
belt  carried  31  per  cent.    The  results  for  three  different  frequen- 
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Pig.  6 — Variation  of  Flux  Distribution  with  Density 

cies  are  shown  at  various  flux  densities  averaged  over  the 
entire  core,  in  Fig.  6.  The  curves  show  that  the  greatest  dis- 
tortion from  uniformity  in  the  three  annular  belt  fluxes  occurs 
at  the  lowest  flux  density,  and  it  diminishes  as  the  density 
increases.  At  the  highest  flux  density  of  13  kilogausses  (maxi- 
mum cyclic  averaged  over  the  entire  cross  section)  the  three  belt 
flux  densities  are  more  nearly  in  inverse  proportion  to  the  lengths 
of  the  respective  annular  flux  paths.  The  reasons  for  this  non- 
uniform distribution  at  low  flux  densities  will  be  considered 
later  on. 

Belt  Oscillograms.  Figs.  7,  8  and  9  are  oscillograms  of  the 
secondary  e.m.f.  induced  in  windings  of  20  turns  each  on  the 
inner,  middle,  and  outer  belts,  S<,  Sm  and  S0  respectively, 
taken  at  the  same  time  as  Fig.  5.  The  oscillograph  was  a 
Duddell  vibration  galvanometer  tuned  to  about  2000  ~.  This 
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instrument  was  selected  for  the  purpose,  instead  of  the  ordinary 
oil-damped  oscillograph  because  of  its  sensitiveness,  the  current 
required  to  operate  it  being  only  about  10  milliamperes  r.  m.  s. 
It  was  desirable  to  keep  the  oscillographic  current  and  ampere 
turns  as  low  as  possible,  so  as  not  to  distort  the  voltages  and 
flux  distributions  among  the  three  belts.  With  20  secondary 
belt  turns,  and  10  milliamperes,  this  secondary  m.m.f.  would  be 
only  0.2  r.  m.  s.  ampere-turn  per  belt.  The  resistance  of  the 
instrument  itself  was  130  ohms,  and  an  extra  resistance  of  57 
ohms  was  included  in  its  circuit.  The  effect  of  this  counter 
m.m.f.  of  0.2  ampere-turn  was  to  distort  somewhat  the  wave 
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Pig.  10 — Reproduction  of  Belt  Oscillograms  to  a  Uniform  Scale 
and  the  Equivalent  Sinusoidal  Total  e.m.f.  Summation  Ordinates 
are  Shown  by  the  Circles 

Fourier  analaysis  of  flux  waves  in  Fig.  10. 
fit   -  34.5  sin  9  +  5.3  tin  3  9  -  4.2  sin  5  $  + 

+  3.1  cos  $  -  2.9  cos  3  $  +  0.4  cos  5  $  + 
Em  -  23.8  sin  9  -  2.4  sin  3  9  +  0.9  sin  5  9  + 

-  1.5  cos  9  +  1.0  cos  3  9  +  0.6  cos  5  9  + 
E.    -  47.7  sin  9  -  8.6  sin  3  9  +  2.0  sin  5  9  + 
•  +  0.2  co  1 9  +  0.1  cos  3  9  -  0.4  cos  5  9  + 

E%  +fim  +E.  -  106.0 sin  9-  5.7 sin 3  «-  1.3 sin 5  •  + 

•  +  1.8  cos  9  -  1.8  cos  3  9  +  0.6  cos 

59  + 

shape  of  flux  in  each  of  the  three  belts.  This  distortion  should 
however  be  of  the  same  character  for  each  belt,  and  if  the  three 
belt  fluxes  were  the  same,  the  three  belt  oscillograms  should  be 
substantially  the  same. 

The  oscillograms  in  Figs.  5,  7,  8  and  9  are,  however,  markedly 
different,  showing  that  the  three  belt  fluxes  differ  not  only  in 
their  maxima,  but  also  in  their  wave  form.  Moreover,  in  order 
to  estimate  the  amount  of  distortion  in  the  belt  oscillograms 
due  to  counter  m.m.f.,  all  of  the  oscillograms  were  repeated  with 
only  one-third  of  the  resistance  in  the  secondary  circuit,  so  as  to 
increase  the  distorting  counter  m.m.f.  about  three  times.  The 
upper  curves  in  Figs.  7,  8  and  9  were  taken  with  0.2  ampere  turn 
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of  counter  m.m.f.,  while  the  lower  curves  were  thus  taken  with 
0.6  ampere  turn  of  counter  m.m.f.  It  will  be  seen  that  since  the 
differences  between  the  upper  and  lower  curves  in  each  case  are 
not  large,  the  differences  between  the  upper  curves  and  cor- 
responding curves  unaffected  by  counter  m.m.f.  would  be  still 


As  a  further  check  on  the  belt  oscillograms,  they  have  been 
copied  to  a  uniform  scale,  as  shown  in  Fig.  10,  and  then  combined 
by  addition,  as  indicated  by  the  small  circles.  The  best  represen- 
tative sine  wave  is  drawn  on  the  same  figure  for  comparison,  the 
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Fig.  11 — Flux  Waves  Derived  prom  Integration  op  the  Belt 
e.m.p.  Waves  in  Fig.  10— Also  the  Sinusoidal  Total  Flux  Into 
Which  They  Combine. 

Fourier  analysis  of  flux  waves  in  Pig.  11. 
4    -36.6  sin  0-2.4  sin  3  0-0.8  sin  5  9  + 

0  +3.2cos  $  +0.3cos3  0-0.4  cos  5  §  + 

fan  »  26.6  sin  0  +  0.8  sin  3  *  +  0. 1  sin  5  9  + 

-  1.6 cos  *-0.4cos3  8  +  0.2cos5  $  + 
4.  -  53.2 sin    -f2.6 sin 3  « -f  0.5 sin 5  * + 
•  +  0.1  cos  •  -  0.04  cos  3  $  -  0.1  cos  5  $  + 

9»+*m  +  9*  -  116.4 sin  *  + 1.0 sin3  0-0.2 sin5  • + 

+  1.7  cos  $  -  0.14  cos  3  0  -  0.3  cos 
50  + 


total  flux  being  substantially  sinusoidal  as  in  Fig.  5.  The  devia- 
tions of  the  circles  from  this  sine  wave  are  sufficiently  small  to 
be  attributable  to  errors  in  reproducing  the  oscillograms  of  Pigs. 
7,  8  and  9,  the  amplitudes  of  which  were  actually  only  1  to  2 
cm. 

The  Fourier  analysis  of  the  curves  EQl  Em  and     are  indicated 
in  Fig.  10.    The  harmonics  beyond  the  fifth  are  negligible 
throughout.    It  will  be  seen  that  E0  contains  a  17  per  cent 
triple  and  a  12  per  cent  quintuple  component.    Em  has  all  per 
triple  component.   2S»-  has  an  18  per  cent  triple  component. 
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In  the  summation  of  the  three  waves,  the  harmonics  almost 
disappear  except  for  a  residual  6  per  cent  triple  component. 

On  integrating  the  curves  of  Fig.  10,  so  as  to  reduce  the  induced 
e.m.f.s.  to  their  equivalent  magnetic  fluxes,  the  curves  of  Pig. 
11  are  obtained.  As  naturally  follows  such  a  process  of  inte- 
gration, the  resulting  flux  curves  are  smoother  than  the  original 
oscillographic  e.m.f.  curves.  The  agreement  of  their  sum  with 
a  sine  wave  is  accordingly  better.  The  largest  belt  flux  is 
clearly  the  inner  one  fc.  It  would  be  expected  that  the  outer 
belt  flux  should  be  the  smallest;  but  as  is  shown  in  Fig.  2, the 
width  of  the  middle  belt  was  somewhat  unduly  small.  Figs. 
10  and  11  are  thus  in  substantial  accordance  with  Fig.  5,  in 
showing  that  the  total  flux  through  the  core  was  sinusoidal, 
although  the  individual  belt  fluxes  were  far  from  sinusoidal. 

The  corresponding  Fourier  analysis  of  the  curves  in  Fig.  11 
appear  beneath  it.  They  are  in  substantial  conformity  with 
the  e.m.f.  wave  analysis  of  Fig.  10. 

"  The  results,  appearing  in  the  tables  and  presented  graphically 
in  Fig.  6,  also  indicate  that  the  numerical  sums  of  the  funda- 
mentals of  the  three  belt  e.m.fs.  are  equal  to  the  e.m.fs.  of  the 
turns  around  the  entire  core.  Moreover  in  Fig.  6  the  sums  of 
the  ordinates  on  the  belt  curves  remain  equal  to  unity  through- 
out the  entire  range  of  averaged  flux  density. 

Reasons  for  the  Distortions  in  the  Belt  Flux  Densities 
It  is  well  known  that  in  the  primary  winding  of  an  excited 
transformer  under  no  load,  the  exciting  current  is  non-sinusoidal 
when  the  impressed  e.m.f.  is  sinusoidal;  firstly  because  of  the 
varying  permeability,  and  secondly  because  of  hysteresis.  The 
current  wave  under  ordinary  conditions  is  peaked.  An  oscillo- 
gram of  the  primary  current  at  63  ~  and  12,000  gausses  (max. 
eye.)  appears  in  Fig.  12.  The  peak  is  to  be  ascribed  to  the 
change  of  permeability  of  the  iron  during  the  cycle.  Assuming 
a  total  flux  that  is  sinusoidal,  the  exciting  current  at  each  mo- 
ment must  conform  to  the  3C-(B  cycle  for  the  entire  core.  If  the 
various  belt  paths  in  the  laminae  had  equal  lengths,  they  would 
share  the  flux  equally,  neglecting  skin  effects.  Actually,  how- 
ever, the  inner  belt  paths  are  shorter,  and  these  therefore  tend 
to  carry  a  larger  share  of  the  flux.  This  in  turn  alters  the 
reluctance,  because  the  permeability  depends  upon  the  density. 
At  low  densities,  the  tendency  is  to  increase  the  flux  of  the  inner 
belt  paths  yet  more,  because  the  permeability  at  first  increases 
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in  the  cere,  tr  the  ?cmt  :c  aZ  the  beit  ibrses.  At  the  lover  dex*- 
-liatn^r  rt  the  tnrrer  belt,  this  r=mertt  t-I  Se  too  peaked 
nei  tt-  tirtd^ce  2  sire  v-ive  :c  tbtx;  so  thai  ibe  outer 
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belt  flux  wave  will  be  correspondingly  peaked  and  distorted. 
The  conditions  are  just  reversed  in  the  inner  belt.  This  ac- 
counts for  the  e.m.f .  wave  in  the  outer  belt  being  so  much  more 
irregular  than  in  the  others.  Again,  the  inner  flux,  being  the 
largest  of  the  three,  has  the  greatest  share  in  determining  the 
exciting  current,  and  so  remains  the  smoothest. 

Saturation  Curves 
Fig.  13  shows  the  saturation  curve  A  B  C  i or  the  whole  core 
of  25  laminae,  as  deduced  from  d-c.  observations  with  a  flux 
meter  connected  to  an  enveloping  coil  of  six  secondary  turns. 
The  upper  curve  a  b  c  represents  the  corresponding  saturation 


0      2      4      6      8      10     12     14     t6     18     20  22 

gilberts  per  cm. 
Pig.  14 


with  60  ~  alternating  current,  multiplying  the  observed  r.m.s. 
primary  current  by  V2,  to  obtain  the  maximum  cyclic  magnetic 
intensity  3C.  The  observed  e.m.f.  per  secondary  turn  was  also 
multiplied  by  V2  to  obtain  the  maximum  cyclic  kilogausses  (B. 
Owing  to  distortion  of  the  impressed  e.m.f.  waves  from  the 
sinusoidal  form  at  high  flux  densities,  the  factor  V  2  is  evi- 
dently too  low  for  JC  and  too  high  for  (B.  It  is  supposed  that  if 
these  errors  did  not  exist,  and  that  both  3C  and  (B  were  sinu- 
soidal quantities  throughout,  the  curve  a  b  ct  would  coincide 
with  the  direct-current  excitation  curve  ABC. 

Similar  a-c.  saturation  curves  at  higher  frequencies  are  also 
shown  up  to  7  and  9  kilogausses.  It  is  supposed  that  these  fall 
below  the  low-frequency  curve  because  of  skin  effect. 
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If  v  were  directly  proportional  to  JC,  or  if  v  =  b  JC  oersted-cm, 
then         $  =  h  j  -  -y-  (R2  -  Rx)       maxwells  (6) 

Rx 

This  would  mean  uniform  flux  densities  in  all  of  the  belt  paths 
and  the  absence  of  all  radial  distortion.  But  the  reluctivity  is 
not  directly  proportional  to  JC.  As  we  have  seen  for  this  par- 
ticular quality  of  steel,  below  JC  =  0.5,  v  =  0.0007  -  0.001  JC 
=  ai  —  6i3C,  and  above  JC  =  0.5 

v  =  0.000  07  +  0.000  0723  JC  =  a  +  b  JC      oersted-cm.  (7) 

The  effect  of  this  constant  term  a  or  Ci  in  the  reluctivity  is 
therefore  to  make  the  belt  flux  d  <pr  at  radius  r  in  terms  of  the 
local  magnetic  intensity  JCr  and  flux  density  (BR 

d*'  =  t+bXr=k(Si<-dr=2icra  +  bS 


The  d-c.  distribution  of  flux  density  for  a  given  value  of  fr,  will 
thus  necessarily  vary  with  r,  and  wiH  tend  to  be  greater  on  the 
inside. 

We  may  define  the  flux-density  distortion  in  a  lamina  as  the 
difference  between  the  innermost  and  outermost  densities  (Bi  —  (Bj 
divided  by  the  flux  density  (BH  at  the  geometric  mean  radius  R 
That  is,  if  R  is  the  geometric  mean  radius, 

R  =  V  Ri  Rt  =  n  Ri  =  Rt/n  cm.  (9) 

where  n  is  a  numerical  ratio,  such  that  Uj  =  n*  Ri 
It  then  follows  from  (8)  that 

(Hi  -  (B2  =    /  _  1\  a  +  b  JC,  

*       n^(a  +  ftnJCR)(a  +  ^JCR) 

=  a  (n—  — )  numeric  (10) 

\       n/  V\  Pt 


Since  approximately 


Vx  vt  = 


(oersted-cm. )*(11) 
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is  desired  to  measure  the  magnetic  properties  of  the  steel  with 
considerable  precision,  the  width-radius  ratio  should  be  kept  as 
small  as  possible,  otherwise  the  mean  apparent  permeability  of 
the  steel  at  any  given  intensity  3C,  as  derived  from  the  joint 
behavior  of  all  the  belts  in  parallel,  will  differ  from  the  true 
permeability  in  any  one  belt.  The  error  tends  to  be  greatest 
at  low  densities  referred  to  the  descending  branch  of  the  v  —  3C 
graph,  and  diminishes  towards  high  densities. 

The  authors  are  indebted  to  the  American  Telephone  and 
Telegraph  Co.,  under  an  appropriation  from  which  the  investi- 
gation was  carried  on.  They  are  also  indebted  to  Prof.  C.  A. 
Adams  and  to  Mr.  R.  Eksergian,  for  valuable  suggestions  during 
the  work. 

.  Conclusions 

(1)  As  has  already  been  noted  by  several  writers,  the  flux 
density  differs  in  different  belts  of  an  annular  steel  lamina, 
under  a  circumferential  impressed  m.m.f.  from  a  distributed 
toroidal  winding.  The  phenomenon  may  be  described  as  radial 
distortion  of  flux  density. 

(2)  The  distortion  occurs  both  with  continuous  and  alternat- 
ing m.m.fs.  It  may  be  very  marked  at  low  densities.  At  high 
frequencies,  flux-density  distortion  is  complicated  by  skin  effects. 

(3)  With  alternating  m.m.fs.,  a  distortion  is  effected  in  the 
alternating  magnetic  wave  form,  as  well  as  in  the  maximum 
cyclic  flux  density.  Each  belt  has  its  own  density,  and  its  own 
wave  form.  The  total  flux  in  the  lamina  being,  say,  sinusoidal, 
the  individual  belt  fluxes  will  be  non-sinusoidal.  The  external 
belt  fluxes  have,-  in  general,  the  most  distorted  wave  forms. 

(4)  The  magnitude  of  flux-density  distortion  may  be  defined  as 
the  difference  between  the  inside  and  outside  flux  densities,divided 
by  the  flux  density  at  the  geometrical  mean  radius.  In  the  case  re- 
ported, the  observed  a-c.  flux-density  distortion  was  approxi- 
mately   °  *q  3i°  ^  ~  0      at  low  densities. 

(5)  The  magnitude  of  flux-density  distortion  depends  upon 

the  width-radius  ratio  of  the  lamina,  or  the  width  of  the  lamina  I 
divided  by  its  geometrical  mean  radius.    In  the  case  reported, 
this  ratio  was  0.224.    The  smaller  this  ratio,  other  things  being 
equal,  the  less  the  distortion. 

(6)  For  a  given  width-radius  ratio,  the  flux-density  distortion 
depends,  to  a  first  approximation  on  the  ratio  a/v  of  the  constant 
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reluctivity  term  a  to  the  total  reluctivity  v  in  the  geometric  mean 
belt.  Over  the  ascending  straight  range  of  the  reluctivity-intensity 
v  —  3C  graph,  this  ratio  is  less  than  unity,  so  that,  at  least  in  the 
continuous-current  case,  the  distortion  will  be  less  than  the 
width-radius  ratio  over  this  range  (above  3C  =  1  in  the  case 
reported.)  On  the  descending  branch  of  the  v  —  JC  graph,  the 
ratio  a/v  will  be  greater  than  unity,  so  that  at  low  values  of 
JC  and  (B,  the  distortion  is  likely  to  exceed  the  width-radius 
ratio  (below  3C  =  1,  (B  =  6000  in  the  case  reported). 

(7)  When  the  magnetic  characteristics  of  steel  laminae  axe  to 
be  measured  with  precision,  small  width-radius  ratios  should  be 
used,  in  order  to  avoid  errors  due  to  flux-density  distortion. 
Strictly  speaking,  curves  derived  from  annular  laminae  are  all 
subject  to  distortion  errors,  especially  at  low  densities. 

(8)  The  eddy-current  losses  occurring  in  annular  laminae 
under  sinusoidal  a-c.  excitation  are  exaggerated  by  the  presence 
of  harmonics  in  the  various  belt  fluxes. 

List  of  Symbols  Employed 
a,  b   Reluctivity  constants  for  a  sample  of  steel. 
(B   flux  density  in  steel,  (gausses,  or  maxwells  per  sq. 
cm.) 

(Rmex    maximum  cyclic  flux  density  in  steel  (gausses). 

(B<  (Bm  (B0  flux  densities  in  inner,  middle,  and  outer  belts 
of  a  lamina  (gausses)  and  in  alternating-cur- 
rent cases  maximum  cyclic  gausses. 
(Bi  flux  density  in  a  lamina  averaged  over  the  entire 
cross  section  (gausses  and  in  .alternating-cur- 
rent cases  maximum  cyclic  gausses). 

(Bi  (Bj  (BH  flux  density  at  inner  edge,  at  outer  edge,  and  at 
geometric  mean  belt  of  a  lamina,  respectively 
(gausses,  and  in  a-c.  cases,  maximum  cyclic 
gausses). 

E  electromotive  force  induced  in  a  winding  (volts). 
$   magnetomotive  force  applied  to  a  lamina  cir- 

cumferentially  (gilberts  or  c.  g.  s.  magnetic 

units) . 

3C   magnetic  intensity  or  magnetic  force  in  steel 

(gilberts  per  cm.) 
5Cr   magnetic  intensity  in  a  lamina  at  belt  of  radius 

r  (gilberts  per  cm.) 
h    width  of  a  lamina  measured  along   any  radius 

^m.) 
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n   ratio  of  geometric  mean  radius  to  inner  radius 
of  an  annular  lamina  (numeric) . 
v  =  a  +  b  3C   reluctivity  of  steel  (oersted-cm.) 

Vu  *>i*       reluctivity  at  inner,  outer,  and  geometric  mean 
belts  of  a  lamina,  respectively  (oersted-cm.) 
<f>    total  magnetic  flux  in  a  lamina  (maxwells). 
<f>,   magnetic  flux  in  a  belt  of  a  lamina  at  radius  r 
(maxwells). 

</>»,  </>»•  4>o   magnetic  fluxes  in  the  inner,  middle,  and  outer 
belts  of  an  annular  lamina,  respectively 
(maxwells). 
(R   reluctance  of  a  belt  path  (oersteds.) 
r   radius  of  an  annular  belt  (cm.) 
Ru  R9   internal  and  external  radii  of  an  annular  lamina 
  (cm.) 

R  =  V  RiRi    geometric  mean  radius  of  an  annular  lamina 
(cm.) 

I   summation  sign,  Z  angle  sign,  ~  sign  for  cycles 
per  second. 
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Discussion  ok  "Phenomena  Accompaxting  Transmission 
With  Some  Types  op  the  Star  Transformer  Connec- 
tions" (Robinson),  and  "Magnetic  Flux  Distribution 
op  Annular  Steel  Laminae  "  (Kennellt  and  Alger), 
Xew  York,  X.  Y.,  December  14,  1917. 
B.  A.  Behrend:    My  first  acquaintance  with  the  phenomenon 
with  which  the  paper  by  Prof.  Kennelly  and  Mr.  Alger  deals  was 
in  1902,  on  a  very  large  scale,  indeed,  in  designing  a  large  two- 
pole  turbo-generator.    If  I  recall  correctly,  the  inside  diameter 
of  that  machine  was  approximately  20  in.  (50.8  cm.),  and  the 
outside  diameter  was  approximately  60  in.  (152.4  cm.).  It 
being  a  two-pole  machine,  the  difference  between  the  length  of 
the  magnetic  paths  immediately  at  the  bottom  of  the  teeth  and 
near  the  outside  of  the  punchings  was  considerable. 

Like  Prof.  Kennelly,  we  provided  exploring  coils,  using  how- 
ever a  voltmeter  for  the  indication  of  the  flux,  and  not  going  to 
the  trouble  of  investigating  the  wave  form  of  the  induced  e.  m.  f . 
We  shaped  our  punchings  in  such  a  manner  that  an  air-gap  was 
formed  between  two  contiguous  punchings  in  the  same  layer, 
shaped  like  an  isosceles  triangle  with  its  base  near  the  teeth  and 
the  apex  at  the  outside  boundary  of  the  punchings.  Thus,  the 
insertion  of  a  longer  path  partly  in  air  in  the  neighborhood  of  the 
teeth  equalized  the  difference  in  length  of  the  paths  of  the  flux 
through  the  iron.  It  was  used  on  all  of  our  machines  subse- 
quently, because  we  found  that  thus  the  difference  in  the  e.  m.  f . 
between  the  three  exploring  coils  spanning  the  same  geometric 
area  was  comparatively  slight,  and  that  it  was  a  great  deal  less 
than  was  to  be  anticipated,  unless  the  auxiliary  "triangular" 
reluctance  had  been  supplied. 

It  is  interesting  to  note,  to  those  who  like  to  see  the  unity  of 
physical  phenomena  in  fields  apparently  wide  apart,  how  the 
experiments  carried  on  by  the  authors  on  a  little  toroid  in  con- 
nection with  telephone  experiments  have  found  their  counterpart 
in  the  largest  and  most  powerful  types  of  electric  machinery, 
the  turbo-alternators. 

There  is  a  criticism  I  have  to  make  on  the  paper;  I  refer  to  the 
terminology  used  by  the  authors,  viz.,  their  irrepressible  tendency 
to  give  names  to  units,  thus  introducing  difficulties  and  creating 
puzzles  to  the  attentive  student.  The  "gauss,"  the  "oersted," 
the  "maxwell, "  the  "gilbert,"  etc.,  etc.,  are  these  names  really 
needed?  The  answer  to  this  is  an  emphatic  "no."  Our  con- 
temporaries in  England,  leaders  and  masters  of  our  science  as 
they  have  been,  have  recently  voiced  their  protest  on  this  score 
through  Mr.  Alexander  Russel  in  the  following  quotation: 

"The  author  is  hampered  by  his  loyal  adherence  to  the  nomen- 
clature list  published  by  the  Am.  Inst,  of  Electrical  Engineers, 
instance,  he  calls  the  unit  of  the  flux  of  magnetic  induction 
axwell,  and  the  unit  of  magnetic  induction  density  the 
We  deduce  also  that  a  gauss  is  both  a  gilbert  per  centi- 
nd  a  maxwell  per  square  centimetre.    It  seems  to  us  that 
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there  is  a  quite  unnecessary  dragging  in  of  the  names  of  great 
men  of  science,  especially  as  the  definitions  are  framed  on  the 
'  assumption  that  permeability  is  a  simple  numeric.  Clerk 
Maxwell  would  not  have  admitted  this  assumption.  The 
American  gauss  is  the  unit  both  of  magnetic  induction  and  of 
magnetic  force.  Many  physicists  consider  that  magnetic  induc- 
tion is  caused  by  magnetic  force  just  as  strain  is  caused  by  stress. 
The  assumption  that  cause  and  effect  are  measured  in  the  same 
unit  is  unjustifiable.  In  our  opinion  the  practise  of  christening 
units  after  the  names  of  men  of  science  should  be  adopted  only 
very  sparingly.  The  watt  and  the  joule  are  well  named,  but  we 
deprecate  the  growing  use  of  the  kelvin  for  the  unit  in  which 
electrical  energy  is  bought  and  sold.  Those  evil-sounding  words, 
also,  the  abohm,  the  abampere,  the  abfarad,  used  by  Americans 
are  almost  libellous  to  the  great  men  whose  memory  they  are 
supposed  to  keep  green." 

I  urge  a  sympathetic  consideration  of  these  remarks  of  our 
noted  contemporary  across  the  Atlantic. 

L.  W.  Chubb:  The  paper  by  Dr.  Kennelly  and  Mr.  Alger  gives 
interesting  quantitative  data  for  the  flux  distribution  in  annular 
laminae. 

For  some  years  we  have  made  similar  tests  regarding  the  flux 
distribution  in  rectangular  cores  built  with  straight  and  re- 
shaped punchings.  This  is,  of  course,  the  more  important 
commercial  problem  and  difficult  to  obtain  except  by  test.  The 
case  for  the  annular  punchings  treated  experimentally  by  the 
authors  is  more  simple  and  neglecting  the  eddy  currents,  which 
damp  the  flux,  has  been  worked  out  approximately  by  graphical 
methods. 

With  the  straight  and  L-shaped  punchings  built  into  a  rec- 
tangular core  the  air  gaps  at  the  lap  joints  complicate  the  problem 
and  tend  to  increase  the  uniformity  of  the  flux  especially  at  the 
moderate  inductions. 

The  paper  by  Mr.  Robinson  discloses  novel  phenomena  and 
gives  an  explanation  which,  to  me,  is  not  satisfactory.  The 
author  presented  a  paper  on  the  same  subject  some  time  ago. 
Certain  of  the  data  were  lacking  and  I  hoped  that  the  present 
paper  would  be  more  satisfactory  in  clearing  up  the  subject. 

The  author  endeavors  to  show,  in  the  first  part  of  the  paper 
that  the  harmonic  components  of  the  exciting  current  are  not 
wattless. 

I  don't  think  that  it  is  hard  to  say  what  components  of  current 
are  wattless  and  which  are  not,  if  we  assume  a  simple  harmonic 
variation  of  flux.  Our  only  conception  of  a  wattless  current  is 
that  the  net  work  done  by  it  during  a  complete  cycle  of  the  funda- 
mental, is  zero.  The  author  might  as  well  say  that  the  funda- 
mental component  of  the  fundamental  current  is  not  wattless. 
It  is  the  larger  and  its  product  with  the  voltage  indicates  a  rate 
of  doing  work,  at  certain  points  within  the  cycle,  quite  compar- 
able with  the  instantaneous  power  of  the  sine  component.  The 
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difference  is  that  the  work  done  during  part  of  the  cycle  is  stored 
energy  and  returned  during  the  rest  of  the  cycle,  giving  a  net 
work  of  zero.  The  author  also  distinguishes  between  the  sine 
and  cosine  components  of  the  harmonic  currents  saying  that 
only  the  former  are  wattless.  Both  the  sine  and  cosine  com- 
ponents are  wattless  taken  for  a  complete  cycle  of  the  funda- 
mental, but  both  are  watted  instantaneously  and  the  one  which 


Fig.  1 


he  calls  the  wattless  component  is  really  the  one  which  does  the 
greatest  work  instantaneously.  One  distinction  can  be  drawn, 
however,  by  saying* that,  with  a  sine  variation  of  flux,  all  of  the 
sine  components  do  a  net  work  of  zero  between  any  points  of 
equal  induction,  while  the  cosine  components,  excepting  the 
fundamental,  do  zero  net  work  only  for  the  half  cycle  or  full  cycle. 
The  diagrams  of  Figs.  1,  2  and  3  show  this  fact. 


Fig.  2 


Fig.  1  shows  the  time  waves  of  flux  ^,  current  J,  and  voltage 
E.  On  the  right  of  the  curves  the  hysteresis  loop  between  flux 
and  current,  is  plotted  with  J  as  abscissae.  This lissajous  figure 
can  be  divided  into  two  similar  figures,  Fig.  2a  and  Fig.  3b, 
containing  all  of  the  sine  and  cosine  components  respectively, 
of  the  current  wave.  If  we  assume  a  sine  wave  of  flux,  Fig.  2a 
can  be  separated  into  the  lissajous  figures,  A  i,  A*,  At,  etc.,  show- 
ing reanactively  the  relation  between  the  flux  and  the  1st,  3rd, 
5+"  components  of  current. 
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Fig.  3b  can  similarly  be  separated  into  the  components  Bu 
Bi,  Bit  etc.  showing  the  relation  between  flux  and  the  cosine 
components  of  current.  In  each  of  the  component  figures  of 
Fig.  2  it  is  at  once  evident  that  the  net  work  done  during  a  com- 
plete cycle  is  zero  because  the  curve  retraces  and  encloses  no 
area  either  positive  or  negative.  The  component  curves  of  Fig. 
3  do  enclose  area  but  the  net  area  of  all  except  B\  is  zero.  We 
may  say  then  that  the  area  of  the  hysteresis  loop  in  Fig.  1  equals 
the  area  of  the  loop  of  Fig.  3b,  which  contains  all  of  the  cosine 
components  of  current,  equals  the- area  of  the  ellipse  B\  in  Fig.  3 
due  to  the  energy  component  of  the  fundamental  current  alone. 
It  is  of  course,  well  known  that  the  net  area  of  such  figures  is 
proportional  to  the  work  per  cycle  for 


I  d<f>  =  Kl  eidt 
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Fig.  3 


It  may  appear  from  the  figures  that  the  author  is  correct  in 
saying  that  the  sine  components  represent  variations  in  permea- 
bility and  the  cosine  components  represent  hysteretic  lag  (and 
lead).  Apparently,  this  is  correct  with  a  sine  wave  of  flux  but 
with  a  distorted  flux  the  components  in  Fig.  2  as  well  as  those  of 
Fig.  3  will  enclose  area,  and  will  or  will  not  have  net  area  de- 
pending upon  the  phase,  order  and  magnitude  of  harmonic 
components  of  flux  present. 

We  cannot  say  that  the  medial  line  of  the  hysteresis  loop, 
due  to  the  sine  components  of  current,  represents  the  variation 
in  permeability  or  the  sum  of  the  cosine  component  represents 
hysteresis  until  we  can  prove  just  what  proportion  of  the  in- 
stantaneous power  at  different  parts  of  the  loop  is  going  into 
Joulian  heat  and  what  proportion  is  being  stored  magnetically. 
The  harmonic  variation  of  temperature  rise  in  cyclically  magne- 
tized iron  would  tell  this  but  because  of  the  relatively  high  ther- 
mal capacity  of  the  iron  the  cyclic  variations  of  the  growth  of 
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temperature  are  too  small  to  be  measured  accurately  by  any 
means  which  we  have  considered. 

I  would  like  to  refer  to  the  resonant  condition  in  the  star-star 
system  with  the  supply  side  grounded.  If  in  one  transformer  the 
total  m.  m.  f .  is  zero  when  the  voltage  is  zero  and  a  reversal  takes 
place  at  the  retentivity  point  of  the  hysteresis  loop  of  the  trans- 
former under  question,  because  it  can  do  so  with  less  expenditure 
of  energy  for  the  instant,  why  does  it  continue  in  this  reversed 
condition,  when  a' little  while  later,  more  work  will  be  required 
in  the  other  transformers  to  keep  it  in  this  condition?  We  have 
found  in  many  cases  of  cyclic  magnetization  that  the  flux  varia- 
tions and  distribution  will  adjust  themselves  so  as  to  require  the 
least  expenditure  of  energy  but  in  the  author's  explanation  more 
energy  is  required  to  excite  the  bank  with  one  transformer 
reversed. 

From  some  of  our  tests  in  the  past  on  annular  punchings,  and 
other  shaped  cores,  conclusions  were  drawn  that  the  distribution 
of  flux,  in  the  way  it  crowds  at  the  inside  corners  of  a  circuit  and 
spreads  out  in  the  straight  parts,  is  not  entirely  a  function  of  the 
instantaneous  values  of  permeability  but  also  a  function  of  the 
energy  requirements. 

If  in  Dr.  Kennelly's  ring  punchings  there  were  radial  gaps  cut 
so  as  to  equalize  the  reluctance  of  the  path  at  all  radii  at  the 
maximum  value,  we  would  expect  the  amplitude  of  flux  and  hence 
the  losses,  to  be  uniform  throughout  the  core.  The  mean  flux 
would  also  exist  at  the  mean  diameter.  Our  tests  in  the  past 
have  indicated  that  this  would  not  be  the  case,  but  that  the 
mean  flux  would  be  slightly  inside  of  the  mean  diameter  and  the 
losses  slightly  lowered  by  the  inner  parts  of  the  rings  (of  smaller 
volume)  running  at  an  induction  higher  than  the  mean,  and  the 
outer  half  (larger  volume)  running  at  an  induction  lower  than 
the  mean.  This  effect  is  more  than  offset  in  most  cases  due  to 
eddy  currents  producing  skin  flux  and  higher  losses. 

I  would  like  to  ask  Mr.  Alger  whether  the  oscillograms, 
analysis  and  the  curves  of  Figs.  10  and  11  are  made  with  the 
proper  time  axes.  It  seems  to  me  that  time  should  progress 
from  right  to  left  for  in  Fig.  11  you  will  notice  that  the  growth 
of  flux  in  the  outside  section  is  advanced  and  should  be  retarded. 

Prof.  Kennelly  spoke  of  using  wide  sheets  rolled  up  in  cylin- 
drical form,  so  as  to  have  the  ratio  of  outside  to  inside  radius 
small,  to  equalize  the  flux  distribution.  Such  a  sample  should 
be  annealed  after  forming  for  otherwise  the  physical  strains  pro- 
duced will  affect  the  magnetic  quality  more  than  the  unequal 
density  in  the  annular  punchings,  will  apparently  affect  it. 
With  silicon  steel  if  a  punching  0.014  in.  (0.035  cm.)  thick  is 
bent  with  a  curvature  of  6  deg.  per  inch,  the  hysteresis  loss  will 
be  increased  25  per  cent  and  the  exciting  amperes  100  per  cent. 
Such  curvature  is  not  sufficient  to  pass  the  elastic  limit  and  the 
original  magnetic  properties  will  be  restored  if  the  sheet  is 
allowed  to  spring  back  into  the  straight  form.    Such  deforma- 
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tion  of  punchings  changes  the  shape  of  the  loop  in  such  a  way  as 
to  increase  all  of  the  harmonic  components  approximately 
equally  in  magnitude  and  produce  a  phase  shift. 

I  would  like  to  suggest  that  Dr.  Kennelly  repeat  the  tests 
without  the  paper  between  punchings.  In  this  case  the  eddies 
between  plates  greatly  increase  the  skin  flux  and  instead  of  just 
adding  a  wave  of  energy  current  in  phase  with  and  of  the  shape 
of  the  voltage  wave,  as  generally  supposed,  the  effect  will  be  ap- 
proximately a  percentage  increase  in  the  current  wave  at  all 
parts  of  the  cycle  just  as  though  a  greater  mass  of  iron  operating 
at  the  same  induction  had  been  added.  We  once  made  such  a 
test  on  two  large  transformers  of  the  same  design,  one  of  which 
had  unenapieled  punchings.  The  losses  and  exciting  current  for 
the  unenameled  core  were  increased  100  per  cent  but  the  increase 
of  current,  instead  of  being  an  addition  of  mostly  fundamental 
current  in  phase  with  the  voltage,  was  double  throughout  the 
cycle  just  as  though  two  transformers  similar  to  the  enameled 
one  had  been  tested  in  parallel. 

A  study  of  the  three-phase  transformer  core  has  been  made  in 
a  manner  similar  to  that  given  by  the  authors.  Instead  of  the 
flux  waves  in  the  partial  sections  of  the  core  coming  out  as 
expected,  as  in  the  case  of  the  single-phase  core,  some  very 
strange  flux-time  distributions  have  been  found  which  we  have 
not  been  able  to  explain.  Strange  to  say,  this  is  a  case  in  which 
the  flux  distribution  is  not  such  as  to  give  the  minimum  loss. 

V.  M.  Montsinger:  Mr.  Robinson's  paper  is  a  very  interesting 
one  to  me  because  about  three  years  ago  I  made  tests  under  very 
much  the  same  conditions  as  he  describes,  although  the  tests  I 
made  were  entirely  in  a  laboratory  way.  The  results  of  these 
tests  were  given  in  a  discussion  of  a  paper — Transformer  Connec- 
tions, presented  by  Mr.  L.  F.  Blume.* 

I  shall  review  briefly  the  conditions  under  which  I  made  these 
tests  and  shall  compare  some  of  the  results  I  obtained  with 
those  obtained  by  Mr.  Robinson  because  my  results  do  not  bear 
out  some  of  his  conclusions.  I  have  special  reference  to  the  state- 
ment or  conclusion  that  it  is  the  even  and  not  the  odd  harmonics 
that  are  the  cause  of  all  the  trouble  in  practise,  when  operating 
transformers  connected  YY  with  the  line  side  grounded,  and  also 
to  the  violent  internal  vibration  in  the  transformers,  which  he 
attributed  to  one  leg  of  the  transformer  bank  being  reversed. 

Referring  to  Fig.  4,  which  shows  the  connections  of  the 
generator  and  three  5-kv-a.  single-phase  transformers,  for  my 
test  it  will  be  seen  that  the  generator  and  the  primary  side  of  the 
transformers  were  Y-connected,  the  secondary  side  being  delta- 
connected  with  one  corner  of  the  delta  open  to  prevent  the  flow- 
ing of  the  third  harmonic  exciting  current  demanded  by  the 
transformers.  It  is  obvious  that  by  connecting  the  secondary 
side  open-delta,  it  was  possible  to  observe  across  this  opening 
the  third  harmonic  voltage  or  multiples  of  the  third.  Oscillo- 

•Trans.  A.  I.  E.  E.  1914,  Vol.  XXXIII,  Part  I,  p.  779. 
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grams  were  taken  of  both  the  voltage  across  the  transformer  legs 
and  across  the  opening  in  the  delta  under  different  conditions. 
These  oscillograms  showed  the  presence  of  marked  third  but  no 
even  harmonic  voltages,  first  without,  and  second  with  sufficient 
capacitance,  across  either  the  legs  of  the  transformers  or  across 
the  opening  in  the  delta,  to  cause  saturation  of  the  transformer 
iron,  consequently  intensification  of  the  higher  harmonic  voltages. 


Fig.  4 — Diagrammatic  Sketch  of  Generator  and  Transformers 
for  Making  Third-Harmonic  Voltage  Tests.  Arrows  Show 
Direction  of  Triple-Frequency  Volts 


Pig.  5  shows  the  third-harmonic  voltage  in  percentage  of  the 
fundamental  voltage  with  and  without  capacitance  supplied  to 
the  transformers.  Without  capacitance  it  will  be  noted  that 
around  the  usual  working  density  of  the  transformer  iron,  the 
third-harmonic  voltage  is  from  55  to  60  per  cent  of  the  funda- 
mental.   With  capacitance  supplied  it  is  interestingjto  note  that 
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Fig.  5 — Curves  Showing  Triple-Frequency  Volts  Observed  Across 
Open  Delta,  With  and  Without  Condensers  Connected 


at  about  46  or  47  kilolines  per  sq.  in.  the  third-harmonic  voltage 
suddenly  increased  to  about  200  per  cent  of  the  fundamental  and 
on  further  increasing  the  generator  voltage  the  third-harmonic 
voltage  decreased  again  to  its  normal  value  without  the  capaci- 
tance ;  and  still  further  increasing  the  generator  voltage,  the  volt- 
age across  the  opening  in  the  delta  again  rose  to  a  peak  and  de- 
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creased  again.  This  happened  for  the  third  time.  It  will  be 
noted  that  each  time  the  peak  voltage  occurred  across  the  open- 
ing in  the  delta  its  percentage  of  the  fundamental  decreased. 
This  would  be  expected  because  if  the  iron  were  fully  saturated 
with  fundamental  flux  it  would  not  be  possible  to  impose  a  flux  of 
other  frequencies.  In  other  words,  the  lower  the  normal  flux 
density  of  the  iron,  the  greater  the  danger  from  excessive  voltages 
of  higher  frequencies,  providing  of  course  there  is  sufficient 
capacitance  present  to  start  building  up  the  voltage. 

Now  if  the  core  density  is  exceedingly  low  it  may  be  impossible 
to  produce  by  capacitance  intensified  third  harmonics. 

Mr.  Robinson  states  that  when  he  had  either  the  37i  or  50- 
kv-a.  transformer  connected  to  the  37-mile  transmission  line, 
he  imposed  only  J  excitation  voltage  on  the  transformers,  which 
means  that  the  iron  density  must  have  been  somewhere  in  the 
neighborhood  of  20  (or  less)  kilolines  per  sq.  in.  The  point  I  wish 
to  emphasize  is  that  Mr.  Robinson  had  a  very  low  core  density 
and  a  large  (relative)  capacitance — a  condition  which  is  seldom, 
if  ever  had  in  practise.  It  is  possible  that  had  the  transformer 
iron  been  fairly  well  saturated  before  connecting  to  the  trans- 
mission lines  the  effect  of  the  capacitance  of  the  line  would  have 
been  to  produce  the  third-harmonic  voltage  that  I  observed  and 
that  there  would  not  have  resulted  the  phenomenon  of  one  leg 
of  the  transformer  bank  being  reversed. 

While  the  above  phenomenon  is  no  doubt  possible  under  un- 
usual conditions  yet  I  do  not  think  it  is  usually  what  happens 
in  practise.  In  other  words  the  above  is  probably  the  exception 
rather  than  the  rule. 

In  regard  to  the  internal  vibration  of  the  transformers  which 
Mr.  Robinson  speaks  of,  I  would  like  to  quote  one  sentence  from 
my  discussion  in  1914  referred  to  before. 

"At  these  peaks  (referring  to  Fig.  5)  after  the  first  a  marked 
humming  sound  in  the  transformers  indicated  that  the  fre- 
quency was  higher  than  a  triple  harmonic — probably  multiples 
thereof."  This  sound  was  more  violent  at  the  third  than  at  the 
second  peak. 

Mr.  Robinson  attributes  these  violent  internal  vibrations  to 
the  fact  that  one  leg  of  the  transformer  bank  is  reversed,  conse- 
quently over  magnetizing  the  other  two  legs.  Had  one  leg  of  the 
transformers  when  connected  Y-open-delta  been  reversed,  the 
voltage  across  the  opening  in  the  delta  would  have  been  many 
times  the  value  shown  in  Fig.  5;  thus  it  seems  that  these  violent 
internal  vibrations  are  produced  for  conditions  other  than  when 
one  leg  is  reversed. 

Unfortunately  the  oscillograms  of  the  voltage  across  the  open- 
ing in  the  delta  did  not  prove  of  any  value  after  the  first  peak  and 
so  it  is  not  possible  to  say  at  the  present  time  whether  these 
voltages  were  of  triple  frequency  or  multiples  of  triple  frequency. 
It  is  hoped  to  make  additional  tests  to  determine  more  definitely 
what  is  happening  when  these  peak  voltages  occur  across  the 
opening  in  the  delta  and  there  is  this  violent  internal  vibration. 
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A.  S.  McAllister:  I  ask  whether  or  not  the  phenomenon 
disclosed  by  the  tests  performed  by  the  author  could  not  be  re- 
produced by  the  use  of  three  similar  stationary  transformers 
wound  with  a  different  number  of  turns  connected  in  series, 
oscillographs  or  recording  instruments  being  placed  across  each 
transformer? 

C.  p.  Mailloux:  In  the  conclusions,  at  the  end  of  the  paper  by 
Dr.  Kennelly  and  Mr.  Alger,  the  phenomenon  is  described  as 
"radial  distortion  of  flux-density. "  I  am  wondering  if  the  word 
"distortion"  was  not  intended  to  mean  "distribution."  The  case 
is  quite  analogous  to  the  distribution  of  currents  in  a  torus, 
subjected  to  a  constant  e.  m.  f.  If  we  take  an  ordinary  annulus, 
and  suppose  an  e.  m.  f.  applied  to  it,  and  a  current  passing 
through  it,  there  will  be  a  condition  of  inequality  of  distribution, 
because  the  conductor  filaments  subjected  to  the  e.  m.  f.  differ 
in  length  on  the  inside  from  those  on  the  outside,  and  the  density 
of  current  in  them  would  be  different,  being  greater  at  the  inside 
than  at  the  outside  portion.  The  distribution  of  magnetic  flux 
may  be  looked  upon  as  being  substantially  the  same  as  the 
distribution  of  electric  current  if  we  consider  instantaneous 
values.  If  we  take  instantaneous  values  instead  of  taking  cyclic 
values,  in  the  cases  considered  in  the  paper,  then,  at  any  instant 
of  time,  we  may  assume  the  magnetic  permeability  to  be  constant, 
and  we  have  a  m.  m.  f.  acting  upon  a  reluctance  which  may  be 
considered  constant,  and  which  produces  a  certain  magnetic 
flux.  The  instantaneous  value  of  that  magnetic  flux  would  be 
very  similar  to  the  instantaneous  value  of  the  electric  current- 
conduction  flux  through  an  annulus  subjected  to  a  constant 
e.  m.  f.  We  know  from  the  equations,  which  are  very  simple, 
that  the  resistance  of  the  belts  of  the  annulus  and  of  the  latter  as 
a  whole,  under  those  conditions  will  vary,  and  that  in  its  deter- 
mination enters  the  ratio  of  the  diameter  of  the  inner  to  that  of 
the  outer  circle  of  the  ring.  It  seems  to  me,  if  the  results  are 
analogous  and  comparable,  as  I  think  they  are,  that  it  would  be 
better  to  use  the  words  "distribution  of  the  flux."  Now,  sup- 
pose that,  in  the  annulus,  we  have  a  lump,  a  hole,  a  flaw,  a 
variation  in  homogeneity,  or  in  annealing,  or  in  anything  that 
affects  the  conductivity;  then,  under  those  circumstances  we  can 
conceive  there  would  be  a  change  in  current,  and  that  kind  of 
change,  being  accidental  and  local,  might  be  called  distortion  of 
the  current.  In  the  case  of  magnetic  substances,  it  is-  difficult 
to  get  absolutely  uniform  permeability  throughout,  and  it  is 
quite  conceivable  that  we  might  have  both  of  the  phenomena 
together,  indeed  superimposed.  We  might  have  differences  of 
flux-density,  or,  in  other  words,  differences  of  distribution,  and 
we  might  have  also  differences  in  flux  due  to  distortion.  Theo- 
retically, we  know  that  a  torus  subject  to  a  m.  m.  f.,  due  to 
perfectly  distributed  windings  all  over  it,  should  have  no  external 
magnetic  field.  Practically,  however,  I  do  not  think  anybody 
has  ever  succeeded  in  constructing  such  an  apparatus  in  which 
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there  was  no  external  magnetic  field;  and,  in  looking  about  for 
an  explanation  of  it,  we  are  led  to  conclude  that  the  explanation 
is  to  be  sought  for  in  differences  of  magnetic  permeability,  or  in 
differences  of  molecular  structure,  or  other  changes  of  that  kind 
which  depart  from  the  ideal  conditions  to  such  an  extent  that 
there  are  localized  disturbances,  localized  closed  magnetic  cir- 
cuits, so  to  apeak,  interfering  with  the  flow  of  magnetic  lines  of 
force  through  the  circuit  as  a  whole.  For  that  reason,  I  think 
it  would  be  interesting  to  make  a  distinction  between  distortion, 
and  distribution  or  density  of  flux,  in  the  definition  of  the  true 
phenomena,  and  then  to  undertake,  by  experiment,  if  possible, 
to  segregate  the  two  things. 

A.  M.  Dudley:  Mr.  Behrend  has  asked  me  what  effect,  in 
my  judgment,  would  the  flux  distribution  in  the  core,  as  found 
by  Dr.  Kennelly  and  Mr.  Alger,  have  upon  the  irpn  loss  in  induc- 
tion motors.  This  with  particular  reference  to  high-speed 
motors  having  deep  cores.  In  this  connection  I  should  like  to 
call  attention  to  some  facts  brought  out  by  Mr.  Lamme  in  his 
paper  on  iron  losses  at  Schenectady  a  year  or  so  ago.  In  induc- 
tion motors  in  particular  the  variation  in  iron  loss  due  to  the 
processes  of  manufacture  are  extreme.  This  is  so  much  the  case 
that  two  machines  built  to  identical  specifications  from  the  same 
lot  of  iron  and  at  the  same  time  may  vary  in  iron  loss  by  fifty 
per  cent  or  more.  It  has  been  proven  by  test  that  bending  a 
lamination  or  core  plate  sheet  0.017  in.  thick  in  an  arc  of  a 
circle  whose  curvature  is  6  deg.  between  tangents  one  inch  apart 
will  increase  its  iron  loss  by  as  much  as  25  per  cent.  In  calcu- 
lating iron  losses  it  is  customary  to  calculate  the  losses  in  the 
primary  core  and  the  primary  teeth  and  to  this  to  add  the  so- 
called  pole-face  losses  due  to  high-frequency  pulsations  in  the 
magnetic  field  caused  by  the  slot  openings.  To  the  sum  of 
these  various  losses  is  added  an  item  to  take  care  of  indeter- 
minate losses  from  various  causes,  so  that  the  total  iron  loss  is 
several  times  what  would  be  its  value  calculated  from  the  volume 
of  the  iron  itself  and  curves  based  upon  Epstein  samples.  Since 
this  is  true  it  is  very  difficult  to  segregate  the  different  factors 
with  any  considerable  degree  of  exactness.  These  commercial 
conditions  as  they  exist  make  it  difficult  to  answer  the  question 
asked  by  Mr.  Behrend.  I  had  intended  to  ask  the  authors  the 
same  question  and  will  do  so  now.  I  believe  it  would  be  very 
interesting  if  Dr.  Kennelly  would  tell  us  the  circumstances  that 
led  up  to  this  investigation  and  give  us  his  ideas  as  to  the  effect 
of  the  flux  distribution  described  upon  the  iron  loss  of  a-c. 
generators  and  motors. 

F.  W.  Peek,  Jr.:  I  do  not  believe  that  Mr.  Robinson  is  right 
in  his  conclusion  that  the  greater  percentage  of  the  troubles  in 
single-phase  Y-Y-connected  transformers,  ascribed  to  the  third 
harmonic,  are  due  to  some  other  cause.  There  is  no  doubt  that 
when  such  transformers  are  operating  under  normal  conditions 
of  load  and  excitation  that  third-harmonic  voltages  do  exist  in  a 
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way  that  is  easily  predicted.  This  is  supported  by  any  amount 
of  experimental  data.  Mr.  Robinson's  views  on  the  third  har- 
monic are  not  justified  by  the  data  contained  in  the  paper. 

The  reason  for  the  third  harmonic  is,  of  course,  well  known. 
If  a  sine-wave  voltage  is  applied  across  a  coil  with  an  iron  core, 
the  magnetizing  current  will  not  be  a  sine  wave  but  a  distorted 
wave.  This  distortion  is  principally  due  to  the  variation  of  the 
reactance,  as  the  permeability  changes  with  the  flux  density. 
On  account  of  the  inherent  characteristics  of  the  iron,  the  greater 
part  of  this  distortion  is  a  third  harmonic.  If  some  means  is 
taken  to  prevent  the  third-harmonic  component  of  the  magne- 
tizing current  from  flowing,  the  voltage  across  the  coil  cannot  be  a 
sine  wave  but  must  be  a  peaked  wave  containing  a  third-har- 
monic component.  This  very  condition  obtains  when  these  coils 
are  connected  in  Y  to  a  three-phase  circuit,  for  the  following 
reasons:  The  three  triple-frequency  currents  flowing  to  the 
neutral  must  be  3  X  120  deg.  apart  or  in  phase.  Fundamentally, 
the  sum  of  three  currents  flowing  to  a  point  must  be  zero.  The 
sum  of  three  currents  in  phase  can  only  be  zero  when  each  cur- 
rent is  zero.  The  Y  connections  thus  suppress  the  third-har- 
monic components  of  the  exciting  current.  The  voltage  from 
neutral  to  line  must  thus  be  peaked.  The  distortion  is  not  noted 
by  a  voltmeter  since  the  effective  value  is  not  much  changed, 
but  may  be  measured  by  a  sphere  gap.  The  voltage  distortion 
disappears  as  soon  as  the  triple-frequency  component  of  mag- 
netizing current  is  permitted  to  flow.  This  component  can  flow 
if  three  single-phase  paths  are  supplied  by  connecting  the  neutral 
of  the  Y  to  the  neutral  of  a  Y-delta  transformer  on  the  same 
system.  If  these  transformers  are  grounded,  the  triple-frequency 
currents  circulate  in  the  ground  and  cause  telephone  troubles. 
If  there  are  secondary  windings  in  the  transformers,  and  these 
are  connected  in  delta,  there  is  no  distortion  since  the  triple- 
frequency  component  can  flow  around  the  delta  and  this  excita- 
tion is  supplied  from  that  side.  Three-phase  core-type  Y-Y 
transformers  have  no  appreciable  triple-frequency  component; 
it  is  taken  care  of  in  the  magnetic  circuit. 

When  the  neutral  is  grounded  and  the  triple-frequency  current 
is  suppressed,  the  maximum  voltage  between  line  and  neutral  is 
increased  about  40  per  cent.  When  certain  capacity  is  connected 
to  the  transformer,  as  for  instance,  sections  of  transmission  lines, 
the  maximum  may  be  as  much  as  three  times  normal.  The  dan- 
ger may  thus  be  increased  if  certain  values  of  capacity  are  con- 
nected to  the  transformers.  If  the  neutral  is  not  grounded,  it 
must  wabble,  and  a  voltage  appears  between  neutral  and  ground. 
The  insulation  strains  are,  however,  less  than  with  the  grounded 
neutral. 

There  is  much  of  the  discussion  in  Mr.  Robinson's  paper  that  I 
cannot  follow,  and  many  of  his  conclusions  are  not  at  all  sub- 
stantiated by  the  experimental  data  given  in  the  paper.  What 
experimental  data  aregiven  does  not  apply  to  transformers  opera- 
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ting  under  normal  conditions.  The  oscillograms  were  made  on 
10-watt  transformers  over-loaded  and  under-excited.  It  is  not 
well  to  attempt  to  draw  broad  conclusions  from  such  data. 

Mr.  Robinson  undoubtedly  has  observed  some  peculiar  phe- 
nomena that  may  occur  under  abnormal  conditions  of  excitation, 
load,  etc.  that  are  worthy  of  further  experimental  investigation. 
It  is,  for  instance,  possible  to  get  a  leg  reversal  in  certain  trans- 
former connections  during  a  ground  or  short  circuit.  The 
oscillograms  on  the  abnormally  operated  10-watt  transformers 
do  show  an  even  harmonic;  the  reason  for  this  should  be  further 
investigated  before  broad  conclusions  are  drawn. 

C.  O.  Mailloux:  I  would  like  to  ask  the  authors  of  the  paper 
if  they  have  made  experiments  to  secure  a  comparison  of  the  flux 
density  in  the  inner  belt  and  the  outer  belt,  as  a  function  of  the 
cycle,  taking  and  plotting  cyclic  time,  or  angle,  and  finding 
out  how  the  flux-density  varies  at  different  parts  of  the  cycle.  I 
should  expect  that  the  ratio  would  change  greatly  as  the  mag- 
netic flux  increases  during  the  cycle.  I  would  like  to  ask  if  they 
have  made  experiments  by  the  stroboscopic  method,  which  would 
throw  much  light  on  the  manner  in  which  the  magnetic  flux- 
density  increases  outward,  from  the  inner  to  the  outer  circle, 
causing  the  belt  of  mean  flux-density  to  shift  from  a  point  near 
the  inner  circle  to  a  point  near  the  middle  of  the  ring. 

George  B.  Thomas:  I  would  like  to  ask  one  question  in  re- 
gard to  the  paper  by  Dr.  Kennelly  and  Mr.  Alger.  As  to  the 
distortion,  as  they  call  it — the  distribution  of  the  flux,  as  I  read 
the  paper  and  have  listened  to  the  discussion — it  seems  to  me 
they  only  took  an  oscillogram  for  one  section  at  a  time  and  I 
believe  it  would  be  easy  to  use  a  three-element  oscillograph 
and  take  the  whole  three  at  the  same  time  and  compensate  for 
any  distortion  due  to  the  current  in  the  exploring  coil.  If 
that  was  done  it  would  show  definitely  whether  there  was  any 
distortion. 

L.  W.  Chubb:  There  are  two  kinds  of  simple  oscillating  sys- 
tems and  resonant  circuits,  one  in  which  the  frequency  is  inde- 
pendent of  the  amplitude  and  the  other  in  which  the  frequency 
is  dependent  upon  the  amplitude.  This  is  illustrated  by  Figs. 
6  and  7.  In  Fig.  6  the  mass  M  is  attached  to  two  long  helical 
springs.  The  stress-strain  diagram  of  the  system  is  shown  at 
the  right  of  the  figure.  It  is  well  known  that  a  small  periodic 
force  of  a  certain  frequency  will  cause  the  system  to  resonate  and 
M  to  vibrate  vertically  with  simple  harmonic  motion. 

Fig.  7  shows  another  oscillatory  system  consisting  of  a  closed- 
end  cylinder  in  which  the  piston  P  slides  and  compresses  air  in 
the  end  of  the  cylinder.  The  stress-strain  diagram  in  this  case 
is  not  a  straight  line  but  is  composed  of  the  compression  curves 
of  the  air.  Such  a  system  has  a  natural  frequency  dependent 
upon  the  amplitude  of  vibration  and  will  resonate  at  any  fre- 
quency within  a  given  range,  provided  it  is  given  an  amplitude 
of  the  proper  value  to  lock  it  into  step. 


*:*r         /'  *r  *  — -      r*r.?u"-  3  ire  sue. 

r+tsf&rt*.  v»v  rr:  r*r**n  x~  io»  tra^siirziers  xcKr^r  *i  *±e 
^  :v.-^/*  *r<C  v/"-     /  v.*  r^*rstl  'C  *±e 


aV/J  ;r;  Mr.  Kw.r;//.  *  dxazranis.  We  have  produced  such 
r<  v/r.ar,";  ar.'J  tak'rr.  v.veral  oscillograms  of  the  enect  on  single- 
<  ,x<  v,  lu  whu.h  a  condenser  was  connected  across  a  trans- 
forwr  sir  A  ♦  here  v/a .  a  damping  impedance  in  series  with  the  line. 
We  v/ere  not  able  to  obtain  stable  resonance  except  with  re- 
i-.j  .ian";  in  with  the  transformer  winding.    However,  the 

//ih'T  trarr.formerv,  with  their  losses  connected  in  series,  may 
prodtj":  a  'mxwYat  effect  in  Mr.  Robinson's  three-phase  case. 

It  i*.  unfortunate  that  Mr.  Robinson  did  not  take  more  oscillo- 
grams and  in'  Iude  the  voltage  waves  of  the  three  transformers 
i/t  that  the  phase  and  magnitude  of  each  could  be  known.  The 
<  urrent  wave**  in  the  type  of  resonance  which  I  have  described 
took  the  form  of  an  almost  perfect  triangle  instead  of  showing 
many  mfle<  tiorm  an  in  Mr.  Robinson's  case.  The  difference  may 
Ih:  flue  to  the  polyphase  connection  and  the  presence  of  saturated 
iron. 

P.  L.  Alger:  It  in  shown  in  Table  III  that  nearly  all  voltages 
wuru  measured  by  the  potentiometer,  and  the  voltages  are  all 
nearly  in  phase,  and  only  differ  by  a  maximum  of  a  little  over  4 
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deg.  We  found  the  angles,  not  accurately  enough  to  get  rela- 
tive power-loss  results,  but  they  do  indicate  a  different  power  loss 
due  to  each  flux.  It  is  evident  in  every  case  that  the  nature  of 
the  flux  determines  the  loss  of  phase,  being  so  nearly  the  same  as 
that  of  the  total  as  to  make  no  difference. 

Mr.  McAllister  called  attention  to  the  fact  that  three  trans- 
formers connected  in  series  present  the  same  phenomenon.  It  is 
precisely  the  same  phenomenon,  and  might  be  used  to  clear  the 
subject  of  some  of  the  difficulties.  In  both  the  cases  of  the 
laminated  core  and  of  the  three  transformers,  the  current  is  the 
same  for  each  component  magnetic  circuit,  and  if  the  flux  density 
is  the  same,  the  permeability  is  also  the  same,  so  that  the  only 

4  t  ix  N I 

other  factor  in  the  magnetic-circuit  equation  B  =   ~  

is  the  ratio  of  the  number  of  turns  divided  by  the  length.  In  the 
case  of  the  variations  in  conditions  between  sections  of  the  lam- 
inated core,  the  length  of  the  path  changes  the  conditions.  In 
the  case  of  the  three  transformers  in  series,  changing  the  num- 
ber of  turns  on  the  three  would  give  us  the  same  variation  in  the 
conditions  of  the  three  magnetic  circuits  and  I  should  think  that 
the  losses  and  the  permeabilities  would  follow  in  the  same  rela- 
tion as  we  observed  in  the  laminae. 

I  think  Mr.  Mailloux,  when  he  mentioned  the  question  of  the 
ratio  of  the  flux,  raised  an  interesting  point.  Fig.  11  shows  what 
I  understand  he  desires  to  know,  for  one  maximum  flux.  The 
flux  in  each  belt  is  shown  at  each  instant  of  the  cycle,  and  by 
giving  the  ratios  of  the  ordinates  in  the  three  cores  at  each  instant, 
one  could  see  how  the  flux  spreads  from  the  inside  to  the  outside 
of  the  arrangement  during  the  progress  of  a  cycle.  I  mean  the 
ratio  of  the  flux  in  the  strongest  to  that  in  the  weakest  belt  is  a 
function  of  the  time  of  the  cycle.  That  would  show  how  the 
density  of  the  flux  spreads  outward.  We  only  experimented 
with  one  particular  flux  density,  and  in  that  case,  at  the  be- 
ginning of  the  cycle,  the  flux  in  the  inner  part  of  the  core  is 
much  greater  than  in  the  outer  two  parts,  so  you  can  see  how  the 
flux  does  change  in  proportionate  distribution  as  the  total  density 
increases.  A  three-section  oscillogram  would  have  shown  the  lag 
distortion  very  well.  Such  a  one  might  have  been  used,  but  no 
one  thought  of  using  that  particular  scheme,  and  the  method  of 
changing  the  damping  was  considered  to  be  sufficient  proof  that 
no  particular  distortion  was  present. 

A.  E.  Eennelly:  Electrical  engineers  are  familiar  with 
even  harmonics  in  the  e.  m.  f .  waves  of  a-c.  generators  of  the 
induction-coil  type.  We  know  that  when  a  wave  of  e.  m.  f.,  as 
recorded  in  an  oscillograph,  is  symmetrical  with  respect  to  the 
zero  line,  so  that  the  positive  half-wave  is  the  image  of-  the  nega- 
tive half  wave,  with  respect  to  that  line,  there  can  be  no  even 
harmonics.  Per  contra,  the  criterion  of  the  existence  of  even 
harmonics  is  a  dissymmetry  between  the  +  and  —  half  waves. 


"7~ten  a  x  ihrr.ktrr  m'tnct:«.n  :*;il  :s  irjexnz&i  '71  ~*:inaac  zeil 
tltrtn^rh  a  j'-icrrrur  in~-*rr^p*:  :r.        arrr^v  rJz^z  tlx  ialf 

-wave  wttjj  the  :x*ak  un:  -".nt  2*  ctrre  fnferenr  rrnn  the  sal: 
war-e  -r'r-u.r:  z^Zazr*.  the  rrrr:.  shnwtn^r  thac  f.e:  har- 

rzcntc*  *r*  eraser.*:.    In  refers!  V-er-i-ner  rag^m  fsx  a 

cc'  lirJcr^j  is  net  r-ntrnetrxal  wtth  the  prtee»  it  rercr^L  there 
Trin  be  "hvr — between  the  — -  and  —  hair  wit^  scowtnjg 
the  presence  ct  e^cn  hartnecics.  An  altematcr  s  2  — av~«» 
designed  to  deveir.c  perfectly  syntrnecrxal  zalr  a>  as  to 

exclt^ie  even  hartnenics.  Nevertheless,  sree  perfect  ■  ;:rt:y 
of  ntechanical  and  rrag-etrr  cccrhtiiics  2$  a  purely  :»VaJ  ccofzacc 
h  is  to  be  expected  that  scene  traces  cc  even  har— rrrs  wtl 
preset:  thernserrw  in  the  e.  nt_  i  ware  ct  an  alternator,  if  we 
take  psfr-3  enot^~  to  erarrr-e  the  cect_>«:cracc  with  that  end  ht 
view*  as  Prof.  Jackson  has  porrted  ect. 

If  an  alternator  "presses  npoc  a  ihrctnt  aitni  vave  with 
substantial  and  —  §  * : :  : :  't^z.  • .  and  ctA  r  efejxj  rffr~  r.y  neg^tbue 
even  harntonics.  the  alternating  current  in  the  crrc—  tmst  be 
expected  to  be  hkewise  free  frctn  even  harntoocs  —  ess  there  is 
ehher  unilateral  conductance  tc  destroy  the  —  and  —  sytntretry. 
or  there  is  sorre  svnchrctxxs  action  at  work  to  alter  mag- 

netic linkage  with  the  circuit  in  a  diss>  rrrretrxal  rrrar.nrr.  Socfa 
condftsons  must  be  rare,  or  we  would  nedee  even  hanaooacs  in 
oar  oscillographs  more  frequently.  Cccseqcently,  even  har- 
monics are  so  txntisuai  on  any  large  scaie,  that  when  they  are 
discovered  they  call  for  special  exazninatson  and  explanation. 

It  has  been  asked  what  our  reasons  were  for  taking  up  this 
question  of  noc-ttniform  inagnetic-fhix  distribution  in  steel 
laminae.  We  recently  had  occasion  to  measure  in  oar  labora- 
tories the  extra  electrical  resistance  of  fiat  copper  strips,  due  to 
non-u  nil  orm  electric  alternating-current  distribution-  We  found 
that  the  ordinary  skin-effect  formulas,  which  auow  tor  »"»|^Ttw  t 
electric  penetration  towards  the  midplane,  were  very  fax  from 
jiving  correct  results  with  such  strips.  These  formulas  took 
into  account  '  skin  effect"  or  imperfect  penetration  in  depth,  but 
ignored  what  we  have  called  "edge  effect."  or  imperfect  penetra- 
tion in  width.  That  is,  the  current  density  is  much  greater  near 
the  edges  of  the  strip  than  near  the  middle.  The  current  tries  to 
avoid  the  middle  of  the  section,  both  laterally  as  wefl  as  up  and 
down;  so  that  edge  effect  is  of  the  same  general  nature  as  skin 
effect,  but  may  be  much  more  noticeable  in  copper  strips. 

It  occurred  to  us  that  since  a  ring  lamina  was  a  magnetic  strip 
conductor,  subject  to  very  noticeable  skin  effect  at  ordinary 
power  distribution  frequencies,  there  might  be  a  similar  magnetic 
"edge  effect."  If  so,  the  alternating  flux  density  carried  near  the 
edges  would  be  greater  than  that  near  the  middle  of  the  strip. 
In  order  to  test  this  question,  windings  were  applied  to  the  inner, 
middle  and  outer  thirds  of  the  ring  laminae,  as  described  in  the 
paper.    Marked  differences  in  flux  density  were  found  to  exist. 
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but  attributable,  in  the  main,  to  permeability  variations.  What- 
ever true  edge  effect  exists  was  small,  by  comparison  with  the 
permeability  variation  effect,  under  the  conditions  here  reported. 

The  bearing  of  these  results  in  practise,  is  that  care  must  be 
taken,  when  making  magnetic  measurements  on  samples  of  steel 
in  the  form  of  ring  laminae,  to  avoid  errors  due  to  radial  distor- 
tions in  flux  density.  Moreover,  the  eddy-current  losses  in  such 
laminae  are  likely  to  be  considerably  greater  than  those  due  to 
the  average  flux  density  assumed  as  sinusoidal,  owing  to  the 
complexity  of  the  alternating  magnetic  flux  waves. 

When  one  realizes,  from  such  observations  as  these  here  re- 
ported, that  not  only  the  alternating  flux  density,  but  also  the 
alternating  flux  wave  form,  is  different  at  each  and  every  radial 
belt,  the  entire  phenomenon  of  a-c.  magnetic  conduction  in  ring 
laminae  takes  an  altered  aspect. 

Waldo  V.  Lyon:  (communicated  after  adjournment)*:  I 
have  only  two  minor  corrections  to  suggest  in  the  Ken- 
nelly  and  Alger  paper.  The  curves  shown  in  Fig.  6  should 
not  be  continued  to  the  left  beyond  the  actually  observed 
points,  since  in  this  region  of  low  flux  density  the  mag- 
netic quality  of  the  iron  varies  in  a  different  manner  than  at 
higher  flux  densities.  See  Fig.  14.  Again  under  the  heading 
"Outline  Theory  of  the  Radial  Variation,1 '  it  is  stated  that  above 
H  =  0.5  the  reluctivity  is  a  +  b  H.  It  is  more  correct  to  place 
this  lower  limit  of  H  at  2.0,  since  in  the  region  between  these  two 
values  of  magnetizing  force  the  reluctivity  is  not  represented  by 
a  straight  line. 

I  have  found  it  of  interest  to  carry  out  some  simple  mathe- 
matical analyses  and  to  compare  the  results  thus  obtained  with 
the  experimental  data. 

Eddy  Currents.  If  laminations  are  placed  in  a  uniform  mag- 
netic field  that  is  parallel  to  their  surfaces  the  effect  of  the  eddy 
currents  can  be  calculated  on  the  assumption  that  the  permea- 
bility is  constant.  This  signifies  that  there  is  no  loss  by  hystere- 
sis.   It  can  be  shown  that  the  magnetic  effect  of  the  eddy  cur- 


rents depend  upon  t  :  in  which  t  is  the  thickness  of  the 

laminations,  \l  their  permeability,  p  their  resistivity  and  /  the 
frequency  of  the  flux  variation.  The  ratio  of  the  flux  density 
at  the  center  of  the  lamination  to  that  at  the  surface  is 


For  this  quality  of  iron,  at  about  B  =  10,000,  the  ratios  are 
0.999,  0.975  and  0.90  respectively  for  frequencies  of  60,  340  and 
•The  c.  g.  s.  system  of  units  is  used  throughout  this  discussion. 


V2 


Wl  ~~~1<A    Trsa         *r  *W  Tr-lsst  '.he  eSr^ 

-  -feasr7  hir:  I .  pur  terr  n  the  xnrer  rrie  a  *W  -lag 

the  *sr<K*:  21  2^accr»?^a--.te    race  the  Kr*2arih  :r  the  **r  ■ 

21  ~  rvy-tt smsL  t.t  the  fn  tttji  "rzmri  they  "tt^ 
:r.  the  i^ac  tc  tsrt?£ar  "ynrae-  -y-sbzcs:  the  rrssse 
•  * *  0f?7~*z  'JL  the  jarrma-tat*is  near  the  T?r'.er  : 
r%*2ssr:txe.  m  -he  £:rx  *jzzzrrr  tz1  "te  zrx 

At  the  -zi&Zjk  it  the  ~f-—~zc-\-*z  this  r^?±jr_nn  has  aromi- 
~j£j?r;  ta  ar-*ra?»  -r^hae  that  the  :ner*ase  hi  f^q-sercy  has 
httle  e&££  —  Tzr/zzZj^zsz  the  prtccctD:caI  par:  tt  the  in  thai 
exafti  r:  the  ntr-titLe  te-'t  .^s  s  «hc**~i  n  r^r  •i.  The  ?a 
rn  the  — t  he£t  21  rzfcjaei  ntnre  than  the  anerasze  wh£e  that  — 
the  c«zter  v*£t  a  r**hx*?t  jess  than  the  a-r»ra«e  sc  thai  as  the 
ir+fszezsr/  ti  rxr»a«d  the  pf-ipcrtxtt  it  the  trcal  ±3  n.  the 
:r.r.er  r>*£t  ia  decreased  Thrle  thai  ht  the  ctrtifr  helh  s  "  .cienae*!. 
Thts  2t  alv,  £wwn  rt  Ft?  6  *re  ciantnatrre  analys 
cxally  '£  *'-Jt  z*?rJTzr^?rj  is  ass=ed  tc  be  cicscam. 
cr>«t4grshve  dn^xt^ty  and  has  ret  beet  otoe. 

fUXuOtvdy  ami  M*r*esizcM*  C*rx.  We  »t_ 
effect  of  eddy  currtsrA  and  agnr  that  the  irtt:  is  brc 
htnrjt  with  circular  Tarr^ae  the  vahae  ct  the 
**  v>t  the  sarze  for  the  different  fa  paths,  the  cuiies  thai  are 
ootatred  by  jzeascr~£  the  «ci  fa.  ejen  *r±~  a  nai:u*  belt, 
j^ve  strictly  average  relations-  It  is  cc  interest  to  knonr  bo*r  far 
the  average  values  thta  obtained  depart  frcnt  the  acr=al  charac- 
ter:*.*.:': ct^-ve*  'A  \?Jt  material  If  tc  assome  that  wrihfn  certain 
l:m:t*  the  metallic  reluctivity  is  correctly  given  by 

f  =  a  -  6  £T 

ffux  'ier^ity  b  actually  B  =  II      a  +  0jj  first  oom- 

jyyr^rr,*.,  ho/,  ever,  is  so  small  compare*!  with  the  second,  that  at 
ryr^inar:/  fitix  der^ities.  it  may  reasor^bly  be  neglected.  See 
I>r,  Ker.r>:'/.y's  original  ;>aper.  Traxs.  A-  I.  E.  E  ,  VoL  VIII.  page 
480.    The  VAal  flux  v.ithin  a  rii:g  of  radii  R*  and  /f2  and  axial 

tr.i^kncvv  Wis 

2  .V 1  IT    ,       *5  r2 

0;  =   "   :o$:* 


v/here  A'  i  is  the  number  of  magnetizing  ampere  turns  and  *j 
and  Vt  arc  reluctivities  at  the  inner  and  outer  radii  Rx  and  J?t 
The  average  value  of  the  flux  density  is 


u      -        2 X i  1 
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The  value  of  the  magnetizing  force  at  a  mean  radial  distance 
from  the  center  is 

TJ      -  2Ni 


R*  +  Ri 

The  expression  for  the  average  reluctivity  is 
=  2  a  ( R*  -  RY)  1 


log. 


i?i  Pi 


The  only  assumption  in  this  calculation  is  that  the  relation 
between  the  reluctivity  and  the  magnetizing  force  is  a  straight 
line.    An  approximate  value  for  the  average  reluctivity  is 

obtained  if  the  log,    p2  V%  is  expanded  as  a  series 


AOg#  Rx  v,         (R2V2  +  R1VO  ^ 

The  error  made  in  neglecting  the  terms  of  this  series  beyond  the 

Ri 

first  depends  upon  the  ratio  — - .    A  ratio  of  radii  near  unity 

reduces  the  error  to  its  smallest  proportions.  The  error  is  always 
greatest  for  a  maximum  density  in  the  ring  just  below  the  point 
that  makes  the  reluctivity  a  minimum.  In  this  case  this  occurs 
at  about  H  =  0.6.  For  this  value  of  H  and  radii  ratios  of  2,  1.5 
and  1.25  the  errors  are  18.4,  6.8  and  3.2  per  cent  respectively. 
At  a  moderate  value  of  the  magnetizing  force  of  about  H  =  5.0 
the  error  for  a  radii  ratio  of  2  is  but  0.18  per  cent  and  for  the 
smaller  ratios  is  below  0.05  per  cent.  With  a  high  value  of  the 
magnetizing  force  of  about  20,  the  errors  for  any  radii  ratio  below 
2  are  too  small  to  detect  with  five-place  logarithm  tables.  In 
the  following  analysis  I  have  made  use  of  this  approximation 
on  account  of  its  accuracy  and  simplicity.    Making  this  substi- 

Ri  V? 

tution  for  log,  — -  in  the  expression  for  the  average  reluctivity 

Ki  V\ 

gives  upon  reduction 

Vav  =  a  +  b  Hav 

Thus  the  average  value  of  the  reluctivity  is  essentially  equal  to 
its  actual  value  except  for  large  radii  ratios  and  a  small  value  of 
the  magnetizing  force. 


1150 


FLUX  DISTRIBUTION 


[Dec.  14 


In  Fig.  13  are  shown  the  magnetization  curves  taken  with 
direct  and  with  alternating  current.  With  the  latter  the  maxi- 
mum values  of  the  alternating  current  are  computed  by  multi- 
plying the  effective  value  by  V2.  This  is  the  principal  reason 
why  the  two  curves  do  not  coincide,  for,  as  will  be  presently 
shown,  the  true  multiplying  factor  is  much  greater.  In  the  fol- 
lowing part  of  the  analysis  it  is  assumed  that  the  time  variation 
of  the  entire  flux  is  sinusoidal.  This  would  be  so  if  the  impressed 
voltage  were  sinusoidal  and  the  resistance  drop  in  the  winding 
were  small.  Neglecting  the  effect  of  hysteresis  the  magnetizing 
current  is  symmetrical  and  peaked  if  the  maximum  magnetizing 
force  is  more  than  3  or  4  gilberts  per  cm.  At  very  low  flux 
densities  below  H  =  1.0,  the  magnetizing  current  would  be  flat, 
due  to  the  fact  that  the  reluctivity  decreases  as  the  magnetizing 
force  increases.  Hysteresis  has  no  effect  on  the  maximum  value 
of  the  magnetizing  current,  and  but  little  effect  on  its  ampere 
value,  except  at  high  flux  densities  or  when  the  loss  is  abnormally 
large.  The  ratio  of  the  maximum  to  the  ampere  value  on  the 
assumption  of  no  hysteresis,  is  thus  approximately  equal  to  the 
actual  ratio.  This  may  be  calculated  if  the  reluctivity  is  as- 
sumed to  vary  as  Dr.  Kennelly  indicates,  viz.  v  =  a  +  b  H.  From 

this  relation  it  follows  that  H  —  ^  °L\]$  •  already  been 

shown  that  this  relation  holds,  except  at  very  low  flux  densities, 
where  B  is  the  average  flux  density  in  the  core  and  H  is  the 
magnetizing  force  along  the  mean  circumference.  The  equation 
is  not  true,  however,  for  values  of  B  so  large  that  b  B  is  equal  to 
or  greater  than  unity.    The  magnetizing  current  is 

•      Ra  Bm    /  sin  (a  I  \ 

1  ~~     2N     \  1  -  b  Bm  sin  w  t ) 

Where  R  is  the  average  radius,  N,  the  number  of  turns  in  the 
magnetizing  coil  and  Bm,  the  maximum  value  of  the  average 
flux  density.  The  ratio  of  the  maximum  current  to  its  effective 
value  reduces  to 

I  max. 
J  r.  m.  s. 

 c  

o  -  4" +  ^(feir +  (i^1  +  4 

where  c  =  b  Bm.  Dr.  Kennelly  shows  from  d-c.  measurements 
that  the  value  of  b  for  this  quality  of  steel  is  0.0000723.  This 
calculated  ratio  should  agree  with  the  observed  ratio  quite 
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closely  when  the  maximum  value  of  the  magnetizing  force  has 
such  a  value  that  the  straight  line  relationship  for  the  reluctivity 
holds  during  the  major  part  of  the  cycle.  That  is,  Hm  should 
either  be  less  than  about  0.6  or  greater  than  about  3.0.  In  the 
former  case  the  value  of  b  is  negative.  The  following  table 
gives  the  ratio  of  maximum  to  effective  magnetizing  current  for 
different  values  of  the  flux  density. 

Bm  J  max/ Ir.m.s. 


10,000  1.77 

11,000  1.90 

12,000  2.07 

12,500  2.23 

13,000  2.47 

This  shows  that  the  effective  magnetizing  current  in  a  trans- 
former may  be  about  50  per  cent  of  the  maximum  value  as  deter- 
mined from  a  d-c.  saturation  curve  instead  of  70  per  cent,  as  is 
usually  assumed.  If  these  multiplying  factors  are  used  in  deter- 
mining the  maximum  value  of  the  magnetizing  force,  the  a-c. 
saturation  curve — see  Pig.  13 — would  be  determined  by  the 
following  points.  In  the  third  column  are  given  the  points  on  the 
d-c.  curve. 


Hm  (60  cycles) 

H  (d-c.) 

10,000 

2.50 

2.50 

11,000 

3.56 

3.56 

12,000 

5.56 

6.60 

12,500 

7.73 

9.50 

13,000 

10.8 

14.50 

The  two  curves  will  now  coincide  up  to  a  flux  density  of  about 
12,000.  At  higher  flux  densities  the  resistance  drop  in  the  ex- 
citing winding  reduces  and  modifies  the  wave  form  of  the  flux 
an  appreciable  amount.  The  effect  of  hysteresis  in  altering  the 
ratio  of  maximum  to  effective  magnetizing  force  also  becomes 
important.  For  these  reasons  the  formula  can  no  longer  be 
relied  upon  to  give  good  results.  Furthermore  Dr.  Kennelly 
points  out  that  the  wave  form  of  the  impressed  voltage  became 
distorted  when  the  higher  values  of  the  flux  density  were  ob- 
tained. If  the  resistance  of  the  exciting  winding  were  low,  as  is 
the  case  in  a  transformer,  the  only  disturbing  element  would  be 
the  effect  of  hysteresis. 

If  the  wave  form  of  the  flux  variation  and  its  maximum  value 
are  known,  the  ratio  of  the  maximum  to  effective  magnetizing 
current  can  be  determined  from  the  hysteresis  loop  quite  simply 
by  a  method  I  described  in  the  Electrical  World,  Vol.  70,  p.  949. 
A  correction  may  also  be  made  for  the  effect  of  eddy  currents. 
It  was  shown  in  this  paper  how  a  closely  approximate  analysis 
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of  the  magnetizing  force  may  be  obtained  from  the  hysteresis 
loop.  The  effective  value  of  the  magnetizing  force  is  equal  to 
the  square  root  of  the  sum  of  the  squares  of  the  maximum  values 
of  the  various  harmonic  components  divided  by  the  square  root 
of  two.  In  the  numerical  example  worked  out  a  high  value  of 
flux  density  of  14,000  was  used  in  order  to  exaggerate  the  errors 
of  the  method.  These,  however,  were  shown  to  be  small. 
Three  different  voltages  were  used;  a  sine  wave,  a  peaked  and  a 
flat  topped  one.  The  latter  two  consisted  of  a  fundamental 
and  a  33  per  cent  third  harmonic.  The  ratios  of  maximum 
to  effective  values  are  respectively  1.89,  1.48  and  1.98. 

Ratios  of  Belt  Fluxes.  Due  to  the  fact  that  above  a  certain 
magnetizing  force,  in  this  case  H  =  1.0,  the  reluctivity  increases 
as  the  magnetizing  force  increases,  the  flux  density  at  different 
radial  distances  with  d-c.  excitation  is  more  nearly  uniform  than 
if  the  reluctivity  were  constant.  With  a-c.  excitation  the  curves 
in  Fig.  6  apparently  indicate  that  the  reverse  is  true.  There 
are  two  reasons  for  this  discrepancy.  In  determining  the  maxi- 
mum value  of  the  flux  in  each  belt  by  a-c.  measurement  the  same 
relation  has  been  used  for  each  of  the  three  belts;  viz.  <f>m 


voltage  and  flux.  This  might  introduce  considerable  error  in 
the  calculated  values  of  <f>„  since  the  oscillograph  records  show 
that  the  wave  form  of  the  inner  belt  voltage  is  more  peaked  and 
of  the  outer  more  flat  than  a  sine  wave.  The  form  factor  of  a 
peaked  wave  is  greater  than  that  of  a  flat  one,  so  that  if  this  cor- 
rection were  made  the  flux  ratio  for  the  inner  belt  would  be  re- 
duced and  for  the  outer  belt,  increased.  For  example,  a  peaked 
wave  consisting  of  a  fundamental  and  a  10  per  cent  third  har- 
monic has  a  form  factor  3.3  per  cent  greater  than  a  sine  wave's. 
A  flat  wave  consisting  of  the  same  components  has  a  form  factor 
3.3  per  cent  less  than  a  sine  wave's.  The  effect  of  eddy  currents 
is  in  the  same  direction,  as  has  already  been  indicated,  but  at  60 
cycles  it  is  very  small.  These  corrections  do  not  seem  great 
enough,  however,  to  explain  the  large  deviation  of  the  measured 
results  from  the  calculated  ones. 

Hysteresis  Loss.  It  is  an  experimental  fact  that  the  hysteresis 
loss  per  cubic  centimeter  per  cycle  over  a  large  range  of  flux 
density  is  given  by 


The  exponent  is  usually  found  to  be  about  1.6,  although  it  may 
be  greater  than  2.  Since  the  flux  density  in  the  ring  is  different 
at  different  radial  distances,  the  measurement  of  the  hysteresis 
gives  only  the  total  loss  for  the  particular  ring  used.  From  this 
may  be  deduced  the  '  'average"  loss  per  unit  volume.  In  measur- 
ing the  reluctivity  it  was  shown  that,  except  at  very  low  flux 


£r.m.s.  10« 


This  assumes  a  sinusoidal  variation  of  the 


4.44  Nf 
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densities,  the  average  value  is  essentially  the  same  as  the  actual 
value.    Will  the  same  be  true  of  the  hysteresis  loss? 

It  is  not  possible  to  obtain  a  simple  formula  that  shows  the 
difference  between  the  actual  loss  per  unit  volume  for  the  aver- 
age flux  density  and  the  average  loss  per  unit  volume.  An 
indication  of  the  magnitude  of  this  difference  may  be  obtained 
without  much  difficulty,  however.  The  difference  will  be  great- 
est with  a  ring  of  large  radii  ratio  and  at  a  low  flux  density.  We 
will  consider  two  general  cases,  the  first  for  a  maximum  H  of 
0.6  and  the  second  for  a  maximum  H  of  4.0.  The  following  data 
give  the  relative  losses  at  different  points  in  rings  having  radii 
ratios  of  2  and  1.25.  The  value  of  the  exponent,  pt  is  taken  as  2 
in  order  to  simplify  the  computation  and  for  the  reason  that  it 
exaggerates  the  differences  above  the  minimum  reluctivity  and 
reduces  them  below  this  point.  With  a  radii  ratio  of  2  and  a 
maximum  flux  density  of  6000  at  the  inner  radius,  the  relative 
losses  are  36,  1.1  and  2.6  at  the  inner,  outer  and  average  radii. 
The  losses  are  calculated  for  rings  having  the  same  difference  in 
their  radii.  The  smaller  this  difference  the  more  accurate  are 
the  relative  losses.  With  the  same  rings  and  a  maximum  flux 
density  of  11,100  at  the  inner  radius  the  relative  losses  at  the 
inner,  outer  and  average  radii  are  1.23,  1.69  and  1.55.  With  a 
radii  ratio  of  1.25  and  a  maximum  flux  density  of  6000  the  rela- 
tive losses  are  144,  24  and  46  at  the  inner,  outer  and  average  radii. 
With  this  ring  and  a  maximum  flux  density  of  11,100  the  relative 
losses  are  49.4,  56.6  and  53.4  at  the  inner,  outer  and  average  radii. 
Approximate  relative  values  of  the  average  losses  are  the  average 
losses  at  the  three  radial  distances.  These  are  13.2,  1.49,  71 
and  53.1  respectively  for  the  four  cases  mentioned.  The  relative 
losses  for  the  average  flux  density  are  2.6,  1.55,  46,  53.4.  Thus  it 
follows  that  the  error  made  in  calculating  the  loss  per  unit  volume  m 
on  the  assumption  that  the  same  relation  between  loss  and  maxi- 
mum flux  density,  viz.:  Ph=  k  Bpm  holds  for  average  values 
of  flux  density  as  for  actual  values  of  flux  density  will  be  about 
80  per  cent,  4  per  cent,  35  per  cent,  and  0.6  per  cent.  This 
shows  that  the  error  made  in  calculating  the  hysteresis  loss  is 
much  greater  than  that  made  in  calculating  the  reluctivity. 
It  is  much  more  important  to  use  a  ring  having  a  small  radii 
ratio  when  making  hysteresis  measurements  than  in  obtaining  a 
magnetization  curve.  At  low  flux  densities  the  values  of  the 
coefficient  and  the  exponent  in  the  hysteresis  equation  obtained 
from  a  ring  of  the  ordinary  dimensions  will  be  different  from 
those  obtained  from  an  extremely  narrow  ring,  i.  e.,  from  the  true 
values.  This  no  doubt  accounts  to  some  extent  for  the  various 
values  of  the  coefficient  and  exponent  in  the  equation  for  the 
hysteresis  loss. 

L.  N.  Robinson:  Mr.  Chubb  inquires  why,  after  a  reversal  of 
a  transformer  has  taken  place  because  of  less  energy  requirement 
at  the  retentivity  point  in  the  hysteresis  cycle,  does  the  trans- 
former continue  in  this  reversed  condition  when,  a  little  later, 
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more  work  will  be  required  in  the  bank  to  maintain  the  condition  ? 
First,  I  might  mention  that  I  was  originally  led  to  the  deduction, 
as  to  how  the  initial  reversal  might  take  place,  through  a  con- 
sideration of  inertia  rather  than  of  minimum  energy  requirement. 
That  is,  at  the  instant  of  reversing,  the  transformer  should  not 
be  thought  of  as  making  a  choice  that  will  result  in  miminum 
ultimate  energy  consumption,  but  rather  as  taking  the  course 
that  presents  the  least  obstacle  in  the  next  succeeding  instant  and 
this,  we  see,  requires  minimum  energy  in  the  infinitesimal  interval 
of  time  that  immediately  follows  the  reversal. 

Besides  the  inertia  of  the  circuit  containing  iron-clad  induct- 
ance, apparently  the  other  prerequisite  for  the  reversal  of  one 
transformer  of  a  Y-Y  connected  bank  with  grounded  neutral  on 
the  line  side  is  the  coincidence  of  the  zero  values  of  the  total 
m.  m.  f.  and  of  the  voltage  impressed  on  the  transformer  that 
reverses. 

Consider  the  case  where  the  impressed  voltage  is  not  zero  and 
the  total  m.  m.  f .  (primary  ampere  turns  plus  secondary  ampere 
turns)  is  passing  through  a  zero  value.  In  the  general  considera- 
tion of  this  case,  the  primary  and  secondary  m.  m.  fs.  are  not 
each  zero,  but  are  of  equal  magnitude  and  of  opposite  signs. 
Under  the  stated  conditions,  in  order  for  a  reversal  to  take  place; 
that  is.  for  the  voltage  across  one  leg  of  the  bank  to  change 
instantaneously  from  one  magnitude  in  one  direction  to  an  equal 
magnitude  in  the  opposite  direction;  there  would  be  demanded 

an  infinite  current,  i  =  C  -4t*  =  00 »  because  A^r-  =  00  and  in 

at  at 

any  electric  circuit  C  is  not  zero. 

Furthermore,  if  the  leg  reversed  under  these  conditions,  the 
primary  and  secondary  m.  m.  fs.  would  exchange  directions 
instantaneously;  that  is,  the  primary  current  would  be  reversed 
due  to  the  reversal  of  the  primary  impressed  voltage  and  the 
secondary  current  would  reverse  in  order  that  the  sum  of  the 
primary  and  secondary  m.  m.  fs.  be  zero.    The  instantaneous 

di 

reversal  of  current  means  —r-r  —  00 »  an(*  it  immediatelv  follows 

at 

d  i 

that  the  infinite  voltage,  e  =  L  -jj-  =  ® ,  would  be  required  in 

order  to  accomplish  the  reversal.  An  infinite  current  or  an 
infinite  voltage  demands  an  infinite  supply  of  power  which  is  not 
available.  Hence  a  reversal  cannot  take  place  if  the  impressed 
voltage  on  the  transformer  is  not  zero  even  if  the  total  m.  m.  f. 
is  zero. 

In  the  second  case,  if  a  reversal  were  to  take  place  when  the 
total  m.  m.  f.  were  not  zero  and  the  impressed  voltage  were  zero; 
the  primary  and  secondary  m.  m.  fs.  would  have  to  exchange 
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values  at  the  instant  of  reversal  and  this  again  demands  a  voltage, 


From  these  two  cases,  it  is  clear  that  no  reversal  can  occur  if 
neither  the  impressed  voltage  nor  the  total  m.  m.  f .  of  one  trans- 
former of  the  bank  is  zero. 

Consequently,  the  only  case,  where  a  reversal  may  be  expected, 
is  that  in  which  the  impressed  voltage  and  the  total  m.  m.  f.  are 
both  zero  simultaneously.    Then,   and  only  then,  can  both 

-44"  and -44"  be  finite  during  the  reversal. 
at  at 

In  regard  to  the  vibrations  and  noises  that  accompanied  the 
even  harmonic  and  reversed  leg  phenomena,  they  were  hardly 
to  be  described  as  high-frequency  hums  as  inferred  by  Mr. 
Montsinger.  They  were  of  low  frequency  and  their  intensity 
varied,  depending  upon  the  nature  of  the  electrical  phenomena. 
In  fact,  the  vibrations  were  so  intense  and  of  such  low  frequency 
that  they  could  be  felt  by  the  hand  holding  a  stick  against  the 
transformer  cases.  I  attributed  the  vibrations  to  excessive 
magnetization  because  in-phase  currents  from  line  terminals  to 
neutral  necessarily  flowed  through  the  open-circuit  susceptance 
of  the  transformers,  and  in  the  tests  these  in-phase  currents  were 
of  the  order  of  magnitude  of  the  rated  current  capacity  of  the 
transformers. 

Before  comparing  the  experiments  reported  by  Mr.  Mont- 
singer and  those  discussed  in  the  present  paper,  a  part  of  the 
opening  paragraph  of  Mr.  Montsinger's  1914  discussion*  should 
be  noted.  His  was  "an  investigation  of  the  effect  of  electro- 
static capacity  and  reactance  on  third  harmonics  in  Y  auto- 
transformers."  Naturally,  in  setting  out  to  make  a  laboratory 
investigation  of  third  harmonics,  the  elements  of  field  practise 
not  essential  to  the  investigation  are  eliminated  in  order  to  arrive 
more  directly  at  the  desired  object.  In  none  of  his  tests,  were 
Mr.  Montsinger's  connections  Y-Y  with  condensers  between  line- 
side  terminals  and  neutral.  He  used  an  artificial  connection  that 
sufficed  for  his  stated  purpose.  Therefore  his  tests  can  not 
logically  be  appealed  to  as  embracing  all  the  phenomena  of  Y-Y 
operation. 

To  explain  further,  without  going  into  details,  in  Fig.  2*, 
Mr.  Montsinger  shows  one  arrangement  where  the  transformer 
primaries  were  connected  Y,  the  secondaries  connected  delta  with 
one  corner  of  the  delta  open,  and  a  condenser  connected  across 
each  secondary  leg.  Perhaps  it  would  be  possible  to  obtain 
even  harmonics  with  such  a  connection  provided  the  condensers 
were  of  proper  capacitance  to  suit  the  transformers,  but  Mr. 
Montsinger  reports  tests  of  this  connection  with  only  one  value 
of  capacitance,  namely  0.2  microfarad  per  leg.  He  did  not 
experiment  over  &n  extensive  range  of  capacitance,    In  his  other 
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tests,  Figs.  3,  4  and  5,*  he  had  the  secpndaries  connected  delta 
through  a  single  condenser.  Regardless  of  the  capacitance  of 
this  condenser,  KirchhofTs  law  as  to  the  continuity  of  electric 
current  in  a  circuit  shows  that  this  connection  does  not  permit  of 
the  instability  that  is  essential  to  the  production  of  even  har- 
monics in  the  transformers. 

Mr.  Montsinger  has  emphasized  the  200  per  cent  triple- 
harmonic  voltage  that  appeared  across  the  open  corner  .of  the 
delta  in  his  tests  when  the  third  harmonic  was  intensified  to  a 
maximum.  It  is  not  evident  whether  the  voltage  across  the 
corner  of  the  delta  was  200  per  cent  or  600  per  cent  of  the  funda- 
mental component  of  the  leg  voltage.  The  triple-harmonic 
voltage  across  the  corner  of  the  delta  is  the  arithmetic  sum  of  the 
triple-harmonic  voltages  across  the  individual  legs.  Hence,  if 
the  voltage  across  the  open  corner  of  the  delta  were  200  per  cent, 
the  triple-frequency  voltage  across  one  leg  would  be  only  67 
per  cent  of  the  fundamental.  Also  Mr.  Montsinger  did  not 
establish  the  phase  relation  between  the  third  harmonic  and  the 
fundamental  leg  voltages  under  the  conditions  of  his  experiments. 
However,  assuming  the  third-harmonic  voltage  per  leg  to  be  200 
per  cent  of  the  fundamental  leg  voltage  and  that  their  maxima 
occur  simultaneously,  the  maximum  voltage  per  leg  would  be 
only  300  per  cent  of  the  rated  fundamental  voltage  of  the  trans- 
formers. This  would  be  within v  the  limits  of  safety  on  trans- 
formers insulated  to  withstand  200  per  cent  of  line  (delta) 
voltage  which  is  346  per  cent  of  leg  voltage.  From  these  and 
other  data,  I  had  felt  that  we  are  inclined  to  be  too  much  con- 
cerned about  the  third  harmonic.  Consequently,  when  the  even 
harmonics,  especially  the  second,  were  discovered  with  magni- 
tudes transcending  those  encountered  with  the  third  harmonic 
under  the  severest  conditions,  it  appeared  that  the  new  phenom- 
ena might  afford  a  more  satisfactory  explanation  of  the  perplex- 
ing behavior  of  the  Y-Y  connection  with  grounded  neutral  on 
the  line  side. 


•Trans.  A.  I.  E.  E.,  1914,  Vol.  XXXIII,  pp.  779-783. 
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to  the 

STANDARDIZATION  RULES 

of  the 

AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 

Except  as  noted  below  the  Standardization  Rules  as  approved  by  the 
Board  of  Directors  on  June  28,  1916,  and  issued  in  October  1916,  and  re- 
printed without  change  in  December  1916,  shall  be  considered  in  force 
until  further  notice. 

p.  11 — Insert  the  following: 

OTHER  APPROVED  STANDARDIZATION  RULES. 

The  following  Rules  were  formally  presented  to  the  Standards  Com- 
mittee during  1916-17  and  are  found  not  to  be  incompatible  with 
the  Standardization  Rules. 

"Standardization  of  Service  Requirements  for  Motors",  as  printed  in 
the  1915  report  of  the  National  Electric  Light  Association. 

"Standardization  of  Sizes,  Voltages  and  Taps  for  Transformers,"  as 
printed  in  the  1916  report  of  the  Electrical  Apparatus  Committee  of  the 
National  Electric  Light  Association. 

"Standard  Specifications  for  Magnetic  Tests  of  Iron  and  Steel/'  of  the 
American  Society  for  Testing  Materials. 

"Report  of  the  Joint  Rubber  Insulation  Committee,"  published  in  the 
April,  1917,  Proceedings  of  the  American  Institute  of  Electrical 
Engineers. 

Accuracy  Specifications  in  Sections  IV  and  V  of  the  Joint  Meter  Code 
of  the  Association  of  Edison  Illuminating  Companies  and  of  the  National 
Electric  Light  Association. 

Accuracy  Specifications  in  Section  II  of  Circular  56  of  the  Bureau 
of  Standards  entitled  "Standards  for  Electric  Service." 

Report  of  the  "Boiler  Code  Committee"  of  The  American  Society  of 
Mechanical  Engineers. 

"Suggested  Safety  Rules  for  Installing  and  Using  Electrical  Equip- 
ment  in  Bituminous  Coal  Mines,"  issued  as  Technical  Paper  138  by  the 
Bureau  of  Mines. 

p.  18. — The  following  section  is  added: 

84  Base  Speed  of  an  Adjustable-Speed  Motor. — That  speed  of  the 
motor  obtained  with  full  field  under  full  load  with  no  resistor  in  the 
armature  circuit. 
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DDnmois  of  terms  used  or  ppchbig  ALisuAxnro- 
cuunrr  commutator  mokms 

The  foCowing  sections  to  §14Tc  are  yVirrf.  snvf  arc  tf  11  *atrrc 

or.Iy. 

143  It  is  not  intended  that  the  *se  of  airy  one  tera  val  errrarir. 
or  reader  unnecessary,  the  use  of  any  one  or  saore  of  dee  other  texss. 
Each  term  is  intended  to  refer  to  a  certain  groan*  of  altenatss*- 
current  comma  tat  or- motors-  .An  altercat^ng-cui .  est  cocrnrtxtatcr 
motor  logically  may  be  dassifed  asder  a  nscber  of  d&eresxz.  bert 
noo-tonflkting  groups. 

Clsifiiiration  by  Phases  of  Eaergy  Sassij- 

143  Single- Phase  Cosu— tator  Motor. — A  sfrg^e-^haie  rom-:Txtator 
motor  i*  one  that  receives  the  whole  of  its  energy  fr^~  -jdy  one  pfcase 
of  an  alternating-current  supply  system,  withoct  reqasriag  external 
phase-converting  apparatus 

149s  Pofrsstase  Commutator  Motor. — A  polyphase  lonzin^tator  motor 
is  one  that  receives  its  energy  from  a  plurality  of  phases  of  an 
alternating-current  supply  system,  or  from  a  single-pease  system 
through  phase-converting  apparatus  external  to  the  motor. 

144  nsssnVsfion  fry  Syces'  Characteristics. — For  convenience,  alter- 
nating-current com  mutator  motors  may  be  cferewfirrf  with  refoeme 
to  their  speed  characteristics  as  (1;  constant-speed  motors,  (2*  multi- 
speed  motors,  (3)  adjustable-speed  motors,  and  (4)  varying -speed 
motors.  Definitions  of  these  terms  as  given  in  f  flfl  to  154  for 
motors  in  general,  should  be  adopted  for  alternating-current  com- 
mutator motors,  in  so  far  as  they  are  applicable. 

,  Classification  by  Excitation: 

141  Ststor-Excited  Commutator  Motor. — A  stator-excited  commu- 
tator motor  is  one  in  which  the  torque-producing  field*  is  due  to  a 
current  in  a  winding  located  on  the  stator. 

149s  Rotor-Excited  Commutator  Motor. — A  rotor-excited  commutator 
motor  is  one  in  which  the  torque-producing  field*  is  due  to  a  current 
in  a  winding  located  on  the  rotor. 

14fb  Stxtor-snd  Rotor-Excited  Commutator  Motor. — A  stator-  and 
rotor-excited  commutator  motor  is  one  in  which  the  torque- pro- 
ducing field*  is  due  to  currents  in  windings  located  on  the  stator  and 
on  the  rotor. 

140c  Constant-Field  Commutator  Motor. — A  constant-field  commu- 
tator motor  is  one  in  which  the  torque- producing  field*  remains 
practically  constant,  independent  of  the  load. 

Alternating-current  commutator  motors  of  this  class  will  in  general 
have  load -speed  characteristics  similar  to  those  of  the  direct-cuiient 
shunt  motor,  but  not  all  alternating-current  commutator  motors 
having  such  load -speed  characteristics  are  constant-field  machines. 

146d  Vsrying-Field  Commutator  Motor. — A  varying-field  commutator 
motor  is  one  in  which  the  torque-producing  field*  varies  in  some  pro- 

*The  term  "torque-producing  field"  is  intended  to  describe  that  component  of  the  mac  - 
field  which,  with  the  in-phaae  component  of  current,  produces  the  torque  of  the  motor. 
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portion  with  the  current  in  the  armature  (which  latter  is  generally 
the  rotor). 

Such  a  motor  will  in  general  have  load-speed  characteristics  similar 
to  those  of  the  direct-current  series  motor. 

Classification  by  Neutralization  and  Compensation: 

146  Neutralized  Commutator  Motor. — A  neutralized  commutator 
motor  is  one  in  which  use  is  made  of  a  winding  for  producing  a 
magnetizing  force  which  at  each  instant  and  at  each  point  in  the  air- 
gap  under  the  pole  face  is  practically  equal  and  opposite  to  the 
magnetizing  force  due  to  the  armature  current. 

146a  Compensated  Commutator  Motor. — A  compensated  commutator 
motor  is  one  in  which  means,  other  than  a  neutralizing  winding, 
are  provided  within  the  motor  for  improving  the  power-factor. 

Classification  by  Energy  Reception: 

147  Conduction  Commutator  Motor. — A  conduction  commutator 
motor  is  one  in  which  the  working  energyt  is  supplied  to  only  one 
of  the  members,  and  is  conveyed  to  it  by  conduction. 

147a  Transformer  Commutator  Motor. — A  transformer  commutator 
motor  is  one  in  which  the  working  energyt  is  transmitted  from  one 
member  to  the-  other  by  transformer  action. 

A  motor  in  which  the  energy  required  by  its  armature  (which  is 
generally  the  rotor)  is  conveyed  to  it  by  electromagnetic  induction 
or  transformer  action,  may  properly  be  referred  to  either  as  an 
"induction  motor"  or  as  a  "transformer  motor".  Although  it  is 
equally  applicable  to  a  motor  having  a  commutator,  the  term  "in- 
duction motor"  is  usually  applied  to  a  motor  without  a  commutator. 
The  term  "transformer  commutator  motor"  is  therefore  recom- 
mended for  use  with  motors  of  the  induction,  or  transformer  type, 
having  commutators. 

147b  Transformer-Conduction  Commutator  Motor. — A  transformer- 
conduction  commutator  motor  is  one  in  which  the  energy  required 
by  its  armature  (which  is  generally  the  rotor)  is  conveyed  to  it  by 
both  conduction  and  electromagnetic  induction. 

147c  Repulsion  Commutator  Motor. — A  repulsion  commutator  motor 
is  a  transformer  commutator  motor  in  which  use  is  made  of  brushes 
for  short-circuiting  a  number  of  coils  of  the  commutated  winding. 

METERS  AND  INSTRUMENTS 

The  following  sections  (f  §  237  to  244)  are  added: 
237    Period  of  an  Instrument. — The  period  of  an  instrument,  some- 
times called  the  "periodic  time,"  is  the  time  taken  for  the  pointer 
to  make  one  complete  oscillation  (two  consecutive  swings).  A  swing 
is  a  complete  movement  in  either  direction. 

In  strongly  damped  instruments,  the  period  is  influenced  by  the 
amplitude  of  the  movement. 


tThe  term  "working  energy"  is  intended  to  describe  the  energy  which  is  directly  converted 
into  mechanical  energy,  and  which  includes  the  shaft  energy  output  plus  core  losses  and 
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238  Damping. — The  damping  of  an  instrument  shall  be  expressed  in 
terms  of  the  following  quantities,  all  three  of  which  are  essential  to  a 
complete  description  of  the  behavior: 

a.  The  number  of  swings  taken  by  the  pointer  in  coming  to  rest. 

b.  The  time,  in  seconds,  required  for  the  pointer  to  come  to  rest. 

c.  The  overshooting,  in  per  cent  of  the  angular  displacement 

due  to  the  disturbance. 
These  quantities  shall  be  measured  by  suddenly  applying  and 
maintaining  a  load  which  will  give  a  steady  deflection  of  one- half  full 
angular  scale.  The  pointer  shall  be  at  zero  when  the  load  is  applied. 

239  Rating  Limitation  of  the  Circuits  in  Meters  and  Instruments. — 
The  rating  of  any  circuit  in  a  meter  or  instrument  shall  be  no  greater 
than  that  corresponding  to  the  load  to  which  it  may  be  continuously 
subjected. 

The  full  scale  marking  of  an  instrument  does  not  necessarily 
correspond  to  its  rating.  Where  the  rating  differs  from  the  full  scale 
marking,  the  rating  shall  be  marked  on  the  instrument. 

240  Standard  Temperature  of  Reference  for  Meter  and  Instrument 
Characteristics. — The  standard  temperature  of  reference  for  meter 
and  instrument  characteristics  shall  be  20°  C.  For  purposes  of  rating, 
the  standard  ambient  temperature  shall  be  40°C. 

241  Temperature  Rise  and  Ultimate  Temperature  of  Shunts. — This 
matter  is  held  in  abeyance  until  the  permissible  temperature  rise  of 
shunt  terminals  can  be  agreed  upon. 

242  Temperature  Rise  of  Shunt  Terminals. — This  matter  is  being  con- 
sidered by  a  subcommittee. 

243  Marking  of  Switchboard  Shunts. — Marking  of  switchboard  shunts 
shall  include  the  rating  in  amperes,  the  drop  in  volts  at  that  rating, 
and,  if  the  shunt  is  calibrated  in  connection  with  a  particular  instru- 
ment, the  serial  number  of  such  instrument. 

When  shunts  are  designed  to  be  used  with  devices  taking  sufficient 
current  to  be  an  appreciable  portion  of  the  whole,  this  fact  shall 
be  indicated.  For  example,  a  100-ampere  device  having  a  drop  of 
0.050  volts,  will  have  its  shunt  marked: 

Volts  0.050 

Amperes  100—10, 
indicating  that  with  90  amperes  in  the  shunt  and  10  amperes  in  the 
measuring  circuit,  the  drop  across  the  shunt  will  be  0.050  volts. 

244  Grounding  of  Meters  and  Instruments. — To  avoid  errors  due 
to  electrostatic  action,  the  covers  of  meters  and  instruments  which 
are  used  with  current  and  potential  transformers  shall  be  con- 
nected to  the  secondary  circuits  of  the  transformers  and  grounded. 

INSTRUMENT  TRANSFORMERS* 
[Sections  742  to  744a  below  are  intended  to  replace  ultimately 

§741.    The  footnote  is  added.]  

♦The  terms  "load,"  "secondary  load"  and  "secondary  connected  load"  have  been 
used  in  connection  with  the  constants  of  the  circuit  connected  to  the  secondary  of  a  cur- 
rent transformer.  It  is  suggested  that  the  term  "secondary  burden"  be  used  as  a  general 
term  to  designate  this  external  resistance  and  inductance  and  shall  be  expressed  quanti- 
tatively in  terms  of  ohms  and  henrys. 
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742  Instrument  Transformer. — An  instrument  transformer,  is  a  trans- 
former suitable  for  use  with  measuring  instruments  that  is,  one  in 
which  the  conditions  of  phase  and  of  current  or  potential  in  the 
primary  circuit,  are  represented  with  acceptable  accuracy  in  the 
secondary  circuit.  An  instrument  transformer  may  be  either  an 
instrument  current  transformer  or  an  instrument  potential  (voltage) 
transformer. 

743  Instrument  Current  Transformers  on  Open  Secondary  Circuit. — 

Under  conditions  of  open  secondary  circuit,  current  transformers  shall 
be  capable  of  carrying  continuously  rated  primary  current  without 
damage  to  the  primary  insulation  and  without  interruption  of 
service. 

744  Instrument  Current  Transformers  on  Closed  Secondary  Circuit. — 

Under  conditions  of  closed  secondary  circuit,  current  transformers 
shall  withstand  40  times  rated  current  applied  for  1  second,  without 
injury. 

744a  For  further  definitions  relative  to  instrument  transformers,  see  f  § 
205  to  207.  For  dielectric  tests  of  instrument  potential  (voltage) 
transformers  see  f  500.  The  dielectric  tests  of  instrument  current 
transformers  shall  be  the  same  as  specified  in  §  509. 

CONTROLLERS,    CIRCUIT-BREAKERS,    SWITCHES,  FUSES 
AND  ACCESSORIES.* 
Sections  746  to  759b  inclusive  are  added : 

GENERAL  DEFINITIONS 

The  following  definitions  are  tentative.  Criticisms  and  suggestions, 
addressed  to  the  Secretary  of  the  Standards  Committee,  will  be  wel- 
comed. 

745  Conducting  Parts. — Those  parts  designed  to  carry  current  or 
which  are  conductively  connected  therewith. 

745a    Contact. — The  surface  common  to  two  conducting  parts,  united 

by  pressure,  for  the  purpose  of  carrying  current. 
745b    Grounded  Parts. — Those  parts  which  may  be  considered  to 

have  the  same  potential  as  the  earth. 

746  "Air"  as  a  Prefix. — The  prefix  "air"  applied  to  a  device  which 
interrupts  an  electric  circuit  indicates  that  the  interruption  occurs 
in  air. 

746a  "Oil"  as  a  Prefix. — The  prefix  "oil"  applied  to  a  device  which 
interrupts  an  electric  circuit  indicates  that  the  interruption  occurs 
in  oil. 

747  Fume-Resisting. — Apparatus  is  designated  as  fume-resisting  when 
so  constructed  that  it  will  not  be  readily  injured  by  the  specified 
fumes. 

♦The  "National  Electrical  Code"  of  the  National  Fire  Protection  Association  deals  with 
certain  capacities  of  circuit-breakers  up  to  550  volts  and  of  switches  and  fuses  up  to  600 
volts. 

The  question  of  establishing  uniform  rules  for  apparatus  coming  under  this  classification 
is  under  consideration  by  the  A.  I.  E.  E.  Standards  Committee  and  the  Electrical  Com* 
mittee  of  the  N.  F.  P.  A. 
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747a  Drip-Proof. — Apparatus  is  designated  as  drip-proof  when  so  pro- 
tected as  to  exclude  falling  moisture  or  dirt.  Drip-proof  apparatus 
may  be  either  open  or  semi-enclosed,  if  it  is  provided  with  suitable 
protection  integral  with  the  apparatus,  or  so  enclosed  as  to  exclude 
effectively  falling  solid  or  liquid  material. 

747b  Dust-Proof. — Apparatus  is  designated  as  dust-proof  when  so 
constructed  or  protected  that  the  accumulation  of  dust  within  or 
without  the  device  will  not  interfere  with  its  successful  operation. 

747c  Dust-Tight. — Apparatus  is  designated  as  dust-tight  when  so 
constructed  that  the  dust  will  not  enter  the  enclosing  case. 

747d  Explosion-Proof. — Apparatus  is  designated  as  explosion- proof 
when  so  constructed  that  explosions  of  gas  within  the  casing  will  not 
injure  it  or  ignite  inflammable  gas  outside  it. 

747e  Gas-Proof. — Apparatus  is  designated  as  gas-proof  when  so  con- 
structed or  protected  that  the  specified  gas  will  not  interfere  with 
its  successful  operation. 

747f  Gaa-Tight. — Apparatus  is  designated  as  gas-tight  when  so  con- 
structed that  the  specified  gas  will  not  enter  the  enclosing  case. 

747g  Moisture-Resisting. — Apparatus  is  designated  as  moisture- 
resisting  when  so  constructed  or  treated  that  it  will  not  be  readily 
injured  by  moisture.  (Such  apparatus  shall  be  capable  of  operating 
in  a  very  humid  atmosphere,  such  as  found  in  mines,  evaporating 
rooms,  etc.) 

747h  Splash-Proof. — Apparatus  is  designated  as  splash-proof  when  so 
constructed  or  protected  that  external  splashing  will  not  interfere 
with  its  successful  operation. 

747i  Submersible. — Apparatus  is  designated  as  submersible  when  so 
constructed  that  it  will  operate  successfully  when  submerged  in  water 
under  specified  conditions  of  pressure  and  time. 

747j  Sleet-Proof. — Apparatus  is  designated  as  sleet- proof  when  so 
constructed  or  protected  that  the  accumulation  of  sleet  will  not 
interfere  with  its  successful  operation. 

748  Under-Voltage  or  Low-Voltage  Release. — A  term  applied  to  a  de- 
vice which  on  the  reduction  or  failure  of  voltage  operates  to  cause 
the  interruption  of  power  to  the  main  circuit,  but  which  does  not 
prevent  the  re-establishment  of  the  main  circuit  on  return  of  voltage. 

748a  Under-Voltage  or  Low-Voltage  Protection. — A  device  which,  on 
the  reduction  or  failure  of  voltage,  operates  to  cause  and  maintain 
the  interruption  of  power  to  the  main  circuit,  is  said  to  provide  under- 
voltage  or  low- voltage  protection. 

748b  Phase-Failure  Protection. — A  device  which,  on  the  failure  of 
power  in  one  wire  of  a  polyphase  circuit,  operates  to  cause  and 
maintain  the  interruption  of  power  on  the  remaining  circuits,  is 
said  to  provide  phase-failure  protection. 

748c  Phase-Reversal  Protection. — A  device  which,  on  the  reversal 
of  the  phase  relations  in  a  polyphase  circuit,  operates  to  cause  and 
maintain  the  interruption  of  power  in  all  of  the  circuits,  is  said  to 
provide  phase-reversal  protection. 
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749  Contactor. — A  device  for  repeatedly  establishing  and  interrupting 
an  electric  circuit  under  normal  conditions. 

750  Electric  Controller. — A  device,  or  group  of  devices,  which  serves  to 
control  in  some  predetermined  manner  the  operation  of  the  apparatus 
to  which  it  is  connected. 

CIRCUIT-BREAKERS. 

751  Circuit-Breaker. — A  circuit-breaker  is  a  device  (other  than  a  fuse) 
constructed  primarily  for  the  interruption  of  a  circuit  under  infre- 
quent abnormal  conditions.  [This  section  is  intended  to  replaee 
ultimately  §724].  • 

762  Rating. — The  rating  of  a  circuit-breaker  or  switch  includes  (1)  the 
normal  r.  m.  s.  current  which  it  is  designed  to  carry  (2)  the  normal 
r.  m.  s.  pressure  (voltage)  of  the  circuit  on  which  it  is  intended  to 
operate  (3)  the  normal  frequency  of  the  current  and  (4)  the  inter- 
rupting capacity  of  the  device  (see  §753).  [This  section  is  in- 
tended to  replace  ultimately  §725]. 

753  Interrupting  Capacity.  By  interrupting  (breaking  or  rupturing) 
capacity  is  meant  the  highest  r.  m.  s.  current  at  normal  voltage 
which  the  device  can  interrupt  under  prescribed  conditions  at  stated 
intervals  a  specified  number  of  times.  [This  section  is  intended  to 
replace  ultimately  §728]. 

754  Temperature  Tests. — Rated  current  at  rated  frequency  shall  be 
applied  continuously  until  the  temperature  becomes  constant. 
The  maximum  temperatures  of  the  various  parts  shall  not  exceed  the 
following  when  the  ambient  temperature  of  reference  is  40°  C: 

Contacts  in  air*  60°  C. 

Oil  and  contacts  therein  70°  C. 

Coils  (see  §§376  to  379  incl.) 

Other  parts  (see  §392) 
The  Institute  recognizes  the  inherent  decrease  in  capacity  of  switch 
and  circuit-breaker  contacts  in  air,  due  to  oxidization  of  the  contact 
surfaces.  The  rating  of  air  switches  and  circuit-breakers  is,  therefore, 
bassd  on  sufficient  maintenance  to  keep  the  temperature  within  the 
specified  limits.  [This  section  is  intended  to  replace  ultimately 
§726]. 

755  Dielectric  Tests. — For  apparatus  of  600  volts  or  less  see  §§482,  484, 
485,  and  500.  For  apparatus  above  600  volts  see  §§482,  484,  485  and 
509.   [This  section  is  intended  to  replace  ultimately  §727  ]. 

SWITCHES 

756  Switch. — A  switch  is  a  device  for  making,  breaking  or  changing  the 
connections  in  an  electric  circuit.  [This  section  is  intended  to  replace 
ultimately  §721]. 

756a  Master-Switch. — A  master-switch  is  a  device  whioh  serves  to 
govern  the  operation  of  contactors  and  auxiliary  devices  of  an  elec- 
tric controller. 


•Contacts  in  air  may  be  subjected  to  An  ultimate  temperature  of  70°C.  for  periods  of 
thort  duration. 
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756b  Control  Switch. — A  control  switch  is  a  switch  for  controlling 
electrically- operated  switches  and  circuit  breakers. 

766c  Auxiliary  Switch. — An  auxiliary  switch  is  a  switch  actuated  by 
some  main  device,  for  signalling,  interlocking,  etc. 

757  Rating. — Same  as  for  circuit-breakers;  see  §§752  and  758.  [This 
section  is  intended  to  replace  ultimately  §722]. 

757a  Tests.— Same  as  for  circuit- breake  s;  see  §§754  and  755.  [This 
section  is  intended  to  replace  ultimately  §723  ]. 

FUSES 

758  Fuse.  A  fuse  is  an  element  designed  to  melt  or  dissipate  at 
a  predetermined  current  value,  and  intended  to  protect  against 
abnormal  conditions  of  current. 

Any  terminals,  tubes,  etc.,  integral  with  this  element  are  included 
as  part  of  the  fuse. 

Puses  may  be  divided  into  two  classes: 

(A)  Those  designed  to  protect  the  circuit  and  apparatus  both 
against  short-circuit  and  against  definite  amounts  of  overload  {e.g 
fuses  of  the  National  Electric  Code  which  open  on  25  per  cent  over- 
load.) 

(B)  Those  designed  to  protect  the  system  only  against  short- 
circuits;  {e.g.  expulsion  fuses,  which  blow  at  several  times  the  current 
which  they  are  designed  to  carry  continuously).  The  line  separating 
these  two  classes  is  not  definitely  fixed.  [This  section  is  intended  to 
replace  ultimately  §729  and  the  last  two  paragraphs  of  §780]. 

758a  Continuous  Current  Carrying-Capacity  of  a  Fuse. — Fuses  shall 
be  so  constructed  that  they  will  carry  continuously  110  per  cent  of 
their  rated  current.  [This  section  is  intended  to  replace  ultimately 
the  first  paragraph  of  §780]. 

758b  Temperature. — The  temperature  of  coils  or  windings  (such  as 
accompany  fuses  of  the  magnetic  blow-out  type)  shall  not  exceed  the 
limits  set  for  machine  coils  having  the  same  character  of  insulation. 
(See  §§876  to  879).  The  highest  temperature  for  the  fuse  proper 
should  not  exceed  the  safe  limit  for  the  material  employed.  [This 
section  is  intended  to  replace  ultimately  §731  ]. 

RELAYS 

759  Relay. — A  relay  is  a  device  by  means  of  which  contacts  in  one 
circuit  are  operated  by  change  in  conditions  in  the  same  or  other 
circuits.    (See  §956). 

759a   Temperature  Tests. — Same  as  §  754. 

759b    Dielectric  Tests.— Same  as  §  755. 

765    The  following  foot-note  is  added  to  section  765: 


The  nominal  rating  should  be  applied  only  to  machinery  and  apparatus  carrying 
— *^n  loads. 
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STANDARDS  FOR  TELEPHONY  AND  TELEGRAPHY 

The  following  sections  are  added: 
923  Standard  Cable. — A  standard  cable  is  an  ideal  uniform  line  in  terms 
of  which  the  attenuation  of  a  line  or  network  may  be  specified.  It  is 
characterized  by  the  following  constants:  Linear  resistance,  88 
ohms  per  loop  mile  (54.7  ohms  per  loop  km.).  Linear  capacitance 
between  wires  0.054  microfarad  per  loop  mile  (0.03355  microfarad 
per  loop  km.).    Linear  inductance  and  linear  leakance,  0. 

940  Simplex  Circuit. — A  simplex  circuit  in  telegraphy  is  one  arranged 
.  for  operation  in  one  direction  at  one  time. 

941  Duplex  Circuit. — A  duplex  circuit  in  telegraphy  is  one  arranged  for 
simultaneous  operation  in  opposite  directions. 

942  Diplex  Circuit. — A  diplex  circuit  in  telegraphy  is  one  arranged  for 
the  simultaneous  transmission  of  two  messages  in  the  same  direction. 

943  Quadruple!  Circuit. — A  quadruplex  circuit  in  telegraphy  is  one 
arranged  for  the  simultaneous  transmission  of  two  messages  in  each 
direction. 

944  Multiplex  Circuit. — A  multiplex  circuit  in  telegraphy  is  one  ar- 
ranged for  the  simultaneous  transmission  of  several  messages  in  one 
direction. 
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REPORT  OF  THE  BOARD  OF  DIRECTORS 
FOR  FISCAL  YEAR  ENDING  APRIL  30,  1917 

The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engineers 
presents  herewith  to  the  membership,  its  Thirty-third  Annual  Report 
for  the  fiscal  year  ending  April  30,  1917.  A  General  Balance  Sheet  show- 
ing the  financial  condition  of  the  Institute  on  April  30,  1917,  together 
with  other  detailed  financial  statements  is  included  herein. 

The  Board  has  endeavored,  as  in  the  past,  to  keep  the  membership 
informed  of  its  proceedings  and  of  the  work  of  the  Institute,  by  publishing 
monthly  in  the  Proceedings  a  resume*  of  the  business  transacted  at  each 
Directors'  meeting.  These  notices,  however,  are  not  a  complete  report 
of  the  work  done  by  the  Board  at  any  one  meeting,  for  the  reason  that 
important  matters  are  constantly  arising  which  cannot  be  disposed  of  at 
once,  and  which  must  therefore  be  held  over  for  future  consideration. 
Publicity  in  such  cases  must  frequently  be  deferred,  but  eventually  full 
information  is  given  to  the  members  in  subsequent  issues. 

Directors'  Meetings. — The  Board  of  Directors  held  ten  meetings 
during  the  year.  Five  of  these  were  held  in  New  York  City,  and  five  were 
held  in  other  cities  as  follows:  June,  in  Cleveland,  Ohio,  during  the  An- 
nual Convention;  October,  Philadelphia,  Pa.;  December,  Boston,  Mass.; 
January,  Pittsburgh,  Pa.;  March,  Chicago,  111.  Heretofore  it  had  been 
the  custom  to  hold  the  directors'  meetings  in  New  York  on  the  same  date 
as  the  monthly  Institute  meeting.  When  it  was  decided  last  fall  to  hold 
some  of  the  monthly  meetings  outside  of  New  York,  it  was  also  decided 
that  the  Board  of  Directors  should  meet  in  the  city  in  which  the  Institute 
meeting  was  held,  and  this  plan  has  been  carried  out. 

In  addition  to  the  directors'  meetings,  the  Executive  Committee  held 
three  meetings.  Two  of  these  were  held  on  February  6  and  9,  1917, 
respectively,  for  the  purpose  of  preparing  and  issuing  to  the  membership, 
a  circular  and  data  sheet  for  classifying  the  availability  of  Institute  mem- 
bers for  military  or  naval  service  in  case  of  need.  The  third  meeting  was 
held  on  March  26,  1917.  At  this  meeting  the  President  was  authorized  to 
appoint  a  committee  to  consider  all  matters  in  connection  with  the  In- 
stitute's relation  to  national  defense,  including  codperation  with  the  various 
governmental  departments. 

National  Meeting. — The  Institute's  Annual  business  meeting,  on 
May  16, 1916,  was  a  truly  National  meeting,  as  it  was  held  simultaneously, 
by  means  of  the  long  distance  telephone,  in  Boston,  New  York,  Philadel- 
phia, Atlanta,  Chicago  and  San  Francisco;  each  person  in  each  of  the  six 
audiences  being  provided  with  a  receiver  and  thus  being  enabled  to  hear 
all  that  was  said  by  the  speakers  in  all  six  cities.  The  object  was  to 
commemorate  the  achievements  of  Institute  members  in  the  fields  of 
communication,  transportation,  light  and  power.  A  message  of  greeting 
was  read  from  the  President  of  the  United  States  and  greetings  were 
exchanged  by  the  various  assemblies.  The  meeting  concluded  with  the 
adoption  of  the  following  resolution: 

Resolved,  that  this  National  Meeting,  of  the  American  Institute 
of  Electrical  Engineers  in  Boston,  San  Francisco,  Atlanta,  Chicago, 
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Philadelphia  and  New  York  now  aws'^cl  does  beiec*  ei^tefc  rt* 
deep  appreciation  of  the  efforts  of  all  those  who  baw  rrsTpentcf  n 
the  holding  of  sach  a  meeting,  which  is  rxrm  i-x  tie  frst  i:  ..r  befcc  n 
any  country;  and  that  a  record  of  the  proceedings  cc  ths  =ee:.  z. 
which  is  made  possible  by  the  invective  genres  and  h j  tie  ecgaeer=£ 
ability  of  its  own  membership,  be  spread  spoc  the  rr.-aetrs  of  tze 
Institute,  where,  for  generations  to  come,  it  wiZ  serve  as  a=  =spci- 
tk»  to  engineers  everywhere,  and  wiE  mark  as  epoch  in  the  LisauM 
of  American  engineering  achievement. 
The  attendance  in  the  cities  in  wkkh  the  inert.  r.g  was  beld  was  as 
follows:    Boston  900;  New  York,  1100:  Philadelphia  850;  Atlanta  500. 
Chicago  1000;  San  Francisco  730. 

Contention- — The  thirty-third  Annual  Convention  was  held  ~ 
Cleveland,  Ohio,  June  27-30,  1916.  The  total  registered  attendance  was 
007,  of  which  number  319  were  from  oat  of  town,  twenty-two  states  bex=g 
represented.  The  program  consisted  of  seventeen  terhniral  papers  oc  a 
variety  of  timely  engmeering  subjects.  The  usual  conferences  of  the 
Section  Delegates  were  held,  at  which  all  of  the  Sections  were  representee, 
and  a  conference  was  also  held,  for  the  first  time,  of  representatives  of  the 
Student  Branches. 

Pacific  Coast  Convention. — The  Pacific  Coast  Convention  was  held  in 
Seattle,  Washington,  September  5-9,  1916.  Nine  techrriral  papers  were 
presented  and  the  total  registration  numbered  182. 

Midwinter  Convention,  Hew  York.— The  fifth  Annual  Midwinter 
Convention  was  held  at  Institute  headquarters  in  New  York,  February 
14-16,  1917.  The  total  registered  attendance  was  712.  In  addition  to  the 
eleven  technical  papers  presented,  a  lecture  on  Modern  Physics  was 
delivered  by  Professor  R.  A.  Millikan,  President  of  the  American  Physical 
Society,  and  Professor  of  Physics  of  the  University  of  Chicago.  The 
convention  closed  with  a  subscription  dinner-dance  at  the  Hotel  Astor  oo 
February  16  which  was  attended  by  329  members  and  guests. 

Monthly  Institute  Meetings. — The  present  year  marked  a  change  in 
the  policy  of  holding  monthly  Institute  meetings  in  New  York.  It  had 
been  the  custom  for  many  years  to  hold  regular  monthly  meetings  at 
Institute  headquarters,  with  an  occasional  special  meeting  outside  of 
New  York  under  the  auspices  of  one  of  the  Sections,  in  addition  to  the 
regular  New  York  meeting.  At  the  beginning  of  the  present  administra- 
tive year  in  August  1916,  President  Buck  expressed  the  opinion  that  the 
time  had  come  to  make  a  change  in  the  policy  of  holding  all  of  the  monthly 
meetings  in  New  York  City,  and  declared  himself  in  favor  of  distributing 
the  meetings.  This  plan  was  given  a  trial,  with  the  result  that  four  of  the 
monthly  meetings  were  transferred  from  New  York;  one  each  being  held 
in  Philadelphia,  Boston,  Pittsburgh  and  Chicago.  Another  meeting  was 
scheduled  to  be  held  in  Schenectady  in  April,  but  it  was  found  necessary 
to  cancel  this  meeting.  The  meetings  were  largely  attended,  and  the  local 
officers  and  members  were  unremitting  in  their  efforts  to  make  them  a 
success.  A  brief  record  of  the  out  of  town  meetings  follows: 

Philadelphia  Meeting. — The  Philadelphia  meeting  was  held  on  October 
13,  1916.  There  were  two  technical  sessions  at  which  four  papers  were 
presented  and  the  total  registered  attendance  was  ,333. 
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Boston  Meeting. — The  Boston  meeting  was  held  on  December  9,  1916. 
The  Institute's  technical  session,  at  which  two  papers  were  presented,  was 
held  in  the  afternoon.  The  evening  session  was  devoted  wholly  to  the 
presentation  of  the  John  Fritz  Medal  to  Professor  Elihu  Thomson.  The 
attendance  was  about  400. 

Pittsburgh  Meeting. — The  Pittsburgh  meeting  was  held  in  Pittsburgh, 
Pa.,  on  January  12,  1917.  This  meeting  was  limited  to  one  technical 
session  at  which  one  paper  was  presented.  Four  hundred  and  twenty-five 
members  and  guests  were  present. 

Chicago  Meeting. — The  Chicago  meeting  was  held  on  March  9,  1917. 
Two  papers  were  presented  at  the  single  technical  session,  and  the  attend- 
ance numbered  300. 

New  York  Meetings. — A  meeting  was  held  in  New  York  at  Institute 
headquarters  on  November  10,  1916,  at  which  three  technical  papers  were 
presented.  A  three-day  Midwinter  Convention  was  held  in  February  as 
referred  to  elsewhere  herein.  The  Annual  Meeting  on  May  18,  1917, 
will  also  be  held  in  New  York. 

Joint  Session  A.  I.  E.  E.  and  A.  I.  ft  S.  E.  E. — A  joint  session  of  the 
A.  I.  E.  E.  and  the  Association  of  Iron  and  Steel  Electrical  Engineers 
was  held  during  the  tenth  Annual  Convention  of  the  Association  in 
Chicago  on  September  20,  1916.  Two  papers  on  subjects  of  mutual 
interest  to  the  two  organizations  were  presented  on  behalf  of  the  Institute. 

President. — President  Buck  presided  at  the  Institute  meetings  held 
during  his  administration  in  Philadelphia,  New  York,  Boston  Pittsburgh 
and  Chicago.  He  also  attended  the  Pacific  Coast  Convention  held  in 
Seattle,  September  5-9,  1916,  the  Annual  Banquet  of  the  Pittsburgh 
Section  on  December  9,  1916,  the  meeting  of  the  Philadelphia  Section 
held  on  February  12, 1917,  and  he  represented  the  Institute  at  the  Annual 
Dinner  of  the  Providence  Engineering  Society  March  28,  1917. 

National  Defense. — The  Institute  has  continued  to  contribute  its 
services  to  the  government  in  the  cause  of  preparedness  and  National 
Defense  during  the  past  year,  and  is  now  in  touch  with  various  govern- 
mental agencies  through  representation  on  committees  and  other  bodies 
which  are  carrying  on  effective  work  for  the  national  welfare.  A  brief 
summary  of  the  more  important  activities  in  which  the  Institute  is  in- 
terested and  in  which  it  has  taken  a  conspicuous  part  is  contained 
elsewhere  in  this  report. 

Early  in  February  1916,  the  Executive  Committee  of  the  Institute  met 
in  special  session,  at  which  it  was  decided  to  issue  to  the  membership  a 
circular  calling  attention  to  the  opportunities  for  patriotic  service  existing 
in  the  Army  and  Navy  of  the  United  States  and  enclosing  therewith  a 
data  sheet  for  the  purpose  of  tabulating  the  availability  of  members  of 
the  Institute  for  such  service.  This  circular  and  data  sheet  were  issued 
under  date  of  February  8,  1917,  and  met  with  a  very  cordial  response, 
the  number  of  data  sheets  received  in  reply  exceeding  2,000.  A  con- 
siderable number  of  the  members  who  have  sent  in  these  sheets  have 
been  communicated  with  by  the  branches  most  urgently  in  need  of  the 
services  available,  and  t£e  rerriainder  are  being  held  for  future  reference. 

On  April  2,  1917,  the  Institute  in  cooperation  with  other  engineering 
societies  issued  to  it*  m^bers^iI)  two  pamphlets  containing  as  complete 
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information  as  could  be  obtained  for  members  of  the  engineering  pro- 
fession who  contemplated  offering  their  services  in  the  army  and  navy. 
These  pamphlets  have  resulted  in  the  filing  of  many  applications  by 
Institute  members  for  commissions  in  the  various  ranks  of  the  Officers 
Reserve  Corps  of  the  army,  and  in  the  Naval  Reserve. 

The  Executive  Committee  met  again  on  March  26,  1917,  for  the  purpose 
of  authorizing  the  President  to  appoint  a  Committee  on  National  Defense, 
to  consider  all  matters  which  would  naturally  come  within  the  scope  of 
such  a  committee,  and  including  continuation  of  the  work  formerly 
carried  on  by  the  Institute's  representatives  upon  the  Joint  Committee 
on  Engineer  Officers'  Reserve  Corps.  This  committee  was  subsequently 
appointed  by  President  Buck  and  has  since  been  active  in  carrying  on 
special  work  relative  to  National  Defense. 

Council  of  National  Defense. — As  the  result  of  the  act  of  congress  of 
August  29,  1916,  the  Council  on  National  Defense  was  organized  for  the 
coordination  of  industries  and  resources  of  the  United  States  for  the 
national  security  and  welfare.  The  Council  is  made  up  of  the  Secretary 
of  War  (Chairman),  the  Secretary  of  the  Navy,  the  Secretary  of  the 
Interior,  the  Secretary  of  Agriculture,  the  Secretary  of  Commerce  and 
the  Secretary  of  Labor.  The  act  further  provided  for  the  appointment 
by  the  President,  of  an  Advisory  Commission  of  seven  members.  The 
Advisory  Commission  was  subsequently  appointed  and  is  now  serving 
the  Council  in  a  consulting  capacity  without  compensation.  The  Insti- 
tute was  invited  to  appoint  two  representatives  upon  the  Committee  on 
Science  and  Research  of  the  Advisory  Commission,  to  which  the  super- 
vision of  engineering  matters  had  been  assigned.  The  Engineering  Section 
of  this  committee  is  made  up  of  two  representatives  each  of  the  four 
national  engineering  societies  and  certain  other  engineering  societies. 

National  Research  Council. — The  National  Research  Council  was 
created  by  the  National  Academy  of  Sciences  at  the  request  of  the  Presi- 
dent of  the  United  States  during  the  latter  part  of  1916.  The  object  of 
the  Council  is  to  bring  into  codperation,  existing  governmental,  educa- 
tional and  other  scientific  and  research  organizations,  with  the  purpose  of 
encouraging  investigations  of  natural  phenomena,  the  increased  use  of 
scientific  research  in  the  development  of  American  industries,  the  em- 
ployment of  scientific  methods  in  strengthening  the  National  Defense, 
and  such  other  applications  of  science  as  will  promote  the  national  se- 
curity and  welfare.  The  work  of  the  National  Research  Council  is 
carried  on  through  the  agency  of  central  committees  covering  each  of  the 
physical  sciences  and  chemistry,  mathematics,  medicine,  hygiene,  agri- 
culture, and  other  subjects,  including  a  Committee  on  Engineering.  To 
this  Committee  on  Engineering  each  of  the  National  Engineering  So- 
cieties was  invited  to  appoint  two  representatives  and  these  representa- 
tives, with  the  engineers  who  are  members  of  the  Council,  constitute  the 
Committee  on  Engineering. 

United  Engineering  Society. — Important  changes  have  taken  place  in  ' 
the  affairs  of  the  United  Engineering  Society  during  the  year.    On  June 
23,  1916,  the  Board  of  Direction  of  the  American  Society  of  Civil  Engi- 
neers adopted  resolutions  accepting  an  invitation  from  the  United 
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Engineering  Society,  to  enter  into  the  fraternity  of  the  founder  societies 
and  take  up  their  headquarters  in  the  Engineering  Societies  Building. 
Active  negotiations  with  the  object  of  bringing  about  this  result  had  been 
carried  on  by  the  A.  S.  C.  E.  and  the  U.  E.  S.  for  about  one  year  prior 
to  the  action  referred  to  above.  Full  details  of  the  arrangement  finally 
agreed  upon  and  a  memorandum  of  the  agreement  entered  into  will  be 
found  in  the  September  1916  Proceedings.  As  will  be  seen  from  this 
agreement,  in  order  to  provide  suitable  quarters  for  the  A.  S.  C.  E.,  it 
was  necessary  for  the  United  Engineering  Society  to  contract  for  the 
addition  of  three  stories  to  the  Engineering  Societies  Building.  This 
work  is  now  progressing  satisfactorily  and  it  is  expected  that  the  American 
Society  of  Civil  Engineers  will  move  its  headquarters  into  the  building 
before  the  end  of  the  present  calendar  year,  thus  bringing  under  one  roof 
the  headquarters  of  the  National  Societies  of  Civil,  Mining,  Mechanical 
and  Electrical  Engineers,  with  all  the  obvious  advantages  for  closer 
codperation  of  the  entire  engineering  profession. 

Engineering  Council. — The  Engineering  Council  is  the  outcome  of 
several  independent  movements  which  took  definite  shape  early  during  the 
present  year.  For  a  long  time  individual  engineers  and  the  engineering 
societies  have  had  in  mind  the  desirability  of  having  some  properly  con- 
stituted organization  empowered  to  speak  in  the  name  of  engineers  in 
general  upon  subjects  of  common  interest  to  engineers  and  to  the  public. 
The  need  of  such  an  organization  in  the  interest  of  codperation  and  uni- 
formity of  action  on  matters  relating  to  the  welfare  of  the  engineering 
profession  was  brought  to  the  attention  of  the  Board  of  Directors  of  the 
Institute  at  its  meeting  held  in  Philadelphia  in  October  1916,  at  which  the 
subject  was  discussed  at  considerable  length.  A  resolution  was  adopted 
at  that  meeting  authorizing  the  President  to  appoint  a  committee  of  five 
members  of  the  Board  and  to  invite  the  American  Society  of  Civil  Engi- 
neers, the  American  Society  of  Mechanical  Engineers,  and  the  American 
'  Institute  of  Mining  Engineers,  to  appoint  similar  representatives  upon  a 
joint  committee  with  a  view  to  formulating  some  plan  of  action  for  organ- 
izing such  a  central  body.  A  series  of  conferences  of  the  representatives 
appointed  as  a  result  of  this  action  followed,  and  after  considering  nu- 
merous suggestions  tfie  conferees  formulated  a  plan  to  amend  the 
by-laws  of  the  United  Engineering  Society  so  as  to  provide  for  a  new 
department  of  that  Society,  to  be  known  as  The  Engineering  Council. 
These  amendments  were  subsequently  approved  by  the  four  founder 
societies  which  constitute  the  United  Engineering  Society,  and  the  Council 
is  now  being  organized.  The  object  of  the  Council  as  expressed  in  the 
amended  by-laws  is  "to  provide  for  convenient  codperation  between  the 
four  founder  societies,  for  the  proper  consideration  of  questions  of  general 
interest  to  engineers  and  to  the  public  and  to  provide  the  means  for  united 
action  upon  questions  of  common  concern  to  engineers."  The  Council  will 
be  maintained  and  conducted  independently  of  the  other  activities  of  the 
United  Engineering  Society.  Under  the  plan  as  adopted,  each  of  the  four 
founder  societies  is  entitled  to  five  representatives  upon  the  Council, 
these  representatives  to  be  designated  by  the  governing  body  of  each 
society,  and  the  United  Engineering  Society  will  have  four  representa- 
tives chosen  by  its  Board  of  Trustees,  such  representatives  to  be  men  not 
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already  designated  by  any  of  the  founder  societies.  The  Council  will  be 
empowered  to  speak  authoritatively  for  all  member  societies  on  all  public 
questions  of  common  interest  or  concern  to  engineers  unless  objection 
be  made  by  a  majority  of  the  representatives  p-esent  of  one  of  the  founder 
societies  or  one-quarter  of  the  representatives  present  and  voting. 
The  Trustees  of  the  United  Engineering  Society  will  have  authority  to 
elect  to  membership  in  the  Engineering  Council,  other  national  engineer- 
ing or  technical  societies  under  such  rules  as  the  Council  prescribes,  pro- 
vided their  nomination  and  the  said  rules  have  the  unanimous  approval 
of  the  governing  bodies  of  the  four  societies. 

Representatives. — The  Institute  has  continued  its  representation  upon 
various  national  committees  and  other  local  and  national  bodies  with  which 
it  has  been  affiliated  in  past  years,  and  in  addition  has  appointed  represen- 
tatives upon  a  number  of  new  bodies  including  several  relating  to  National 
Defense.  A  list  of  these  will  be  found  published  in  each  issue  of  the 
Proceedings. 

Committees. — There  has  been  very  little  change  in  the  character 
of  the  committees  during  the  year.  Last  year  a  committee  was 
appointed  to  formulate  a  plan  for  reorganization,  of  the  techni- 
cal committees.  This  committee  reported  in  August  1916  recom- 
mending a  reclassification  of  the  technical  committees  and  the  appoint- 
ment of  two  new  committees;  one  on  electrical  machinery,  and  one  on 
instruments  and  measurements.  When  this  report  came  before  the 
Board  for  final  consideration  at  the  October  meeting,  it  was  decided  to 
defer  action  on  the  reorganization  of  the  committees,  but  a  number  of 
them  were  renamed  in  accordance  with  recommendations  contained  in 
the  report  so  as  to  cover  their  respective  fields  more  comprehensively. 

A  change  in  the  manner  of  reporting  upon  the  work  of  the  technical 
committees  was  recently  effected  upon  the  recommendation  of  the  Meet- 
ings and  Papers  Committee,  through  an  amendment  to  the  Institute's 
by-laws,  under  which  all  technical  committees  are  now  required  to  submit 
an  annual  report  of  their  work  at  the  Annual  Convention.  Brief  reports 
of  the  technical  committees  have  previously  been  included  in  the  Annual 
Report  of  the  Board  of  Directors,  but  in  accordance  with  this  change 
the  reports  of  the  technical  committees  covering  the  present  year  will  be 
presented  at  the  Annual  Convention  in  June. 

Meetings  and  Papers  Committee. — The  Meetings  and  Papers  Com- 
mittee arranged  the  programs  of  Institute  meetings  and  conventions 
held  during  the  year. 

At  the  suggestion  bf  President  Buck,  and  with  the  approval  of  the 
Board  of  Directors,  the  experiment  was  tried  of  holding  a  number  of  the 
regular  monthly  meetings  of  the  Institute  in  cities  outside  of  New  York. 
Reference  to  this  plan  and  details  regarding  the  meetings  held,  may  be 
found  elsewhere  in  this  report.  The  object  of  this  geographical  distribu- 
tion of  the  regular  monthly  meetings  was  to  afford  members  at  various 
central  points  a  better  opportunity  to  be  brought  into  contact  with  the 
Institute  activities.  It  is  believed  that  this  distribution  of  meetings  has 
greatly  stimulated  the  Sections  where  the  meetings  were  held  and  that 
the  Institute  as  a  whole  has  been  benefited. 

Upon  the  committee's  recommendation,  a  new  by-law  was  adopted  by 
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the  Board  of  Directors  providing  that  each  technical  committee  shall 
present,  at  the  Annual  Convention,  a  report  of  the  work  accomplished 
by  the  committee  during  the  year,  and  giving  plans  and  suggestions  for 
future  activities.  The  committee  believes  that  this  by-law  will  be  helpful 
in  bringing  about  a  continuity  of  ideas,  and  will  be  the  means  of  increasing 
the  usefulness  of  the  technical  committees. 

The  by-laws  as  amended  in  May,  1916,  have  established  a  clear  distinc- 
tion between  the  work  of  the  Meetings  and  Papers  and  Editing  com- 
mittees, the  former  now  having  jurisdiction  over  the  selection  of  papers 
to  be  presented,  and  the  publication  of  the  Proceedings,  while  the  editing 
of  papers  and  the  selection  of  material  for  the  annual  Transactions  is 
now  solely  within  the  province  of  the  Editing  Committee. 

Owing  to  unusual  and  unexpected  demands  on  the  finances  of  the  Insti- 
tute, the  amount  which  could  be  appropriated  for  publication  of  the 
Proceedings  and  Transactions  has  been  somewhat  reduced.  This  has 
made  it  necessary  to  exercise  unusual  care  in  the  selection  of  material  for 
presentation  and  publication.  It  is  hoped  that  the  work  has  been  done  in 
such  a  way  that  there  has  been  no  curtailment  in  the  usefulness  of  the 
Institute  to  the  membership. 

Sections  Committee. — The  activities  of  the  Sections  reflect  a  gain  over 
the  previous  year  of  about  the  usual  magnitude.  In  view  of  the  many 
unusual  demands  made  upon  the  engineers  in  this  period,  this  continued 
progress  is  gratifying. 

No  new  Sections  have  been  formed  this  year,  but  recent  agitation  in  this 
direction  in  two  or  three  localities,  points  to  definite  developments  in  the 
near  future.  The  Toronto  Section  has  resumed  its  activities  in  the  face 
of  unusual  obstacles. 

Continued  interest  manifested  in  the  affiliation  of  Sections  with  other 
technical  societies  has  resulted  in  the  appointment  of  a  special  committee 
to  report  on  such  relation  at  the  next  delegates'  meeting. 

Branches. — Perhaps  the  must  notable  item  of  the  year  is  the  growth 
of  interest  in  the  work  of  the  Student  Branches,  which  has  been  recognized 
by  the  appointment  of  a  special  Committee  on  Institute  Branches,  a  sub- 
committee, with  its  chairman  as  vice-chairman  of  the  Sections  Com- 
mittee. 

This  committee  has  already  projected  a  lecture  circuit  for  the  Branches 
in  the  middle  west,  to  be  inaugurated  next  fall.  The  committee  hopes  to 
obtain  the  services  of  notable  engineers  without  unreasonable  demand 
upon  their  time.  If  this  plan  proves  successful,  other  circuits  will  be 
established  in  localities  where  Branches  are  so  grouped  that  such  circuits 
are  practicable. 

The  number  of  Student  Branches  has  been  raised  to  fifty-nine  by  the 
addition,  during  the  year,  of  those  newly  organized  at  Norwich  Univer- 
sity, Vermont,  University  of  North  Dakota,  University  of  Minnesota, 
Alabama  Polytechnic  Institute  and  the  Massachusetts  Institute  of 
Technology.  The  activities  in  the  Branches  show  increases  corresponding 
to  those  of  the  Sections,  while  future  growth  should  be  materially  favored 
by  the  improved  organization. 

A  tabulation  showing  the  activity  of  the  Sections  and  Branches 
during  the  past  five  years  follows: 
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For  Fiscal  Tear  Eatfiac 

Mayl 
1*13 

Mar  1 
1*14 

1 

Marl 
1915 

1 

Marl    1  Marl 
1916  1917 

Scctiows 
Number  of  Section*.  

Number  of  Section  meetings 
held  

Total  Attendance  

29 

244 

22,825 

20 

233 
2242ft 

31 

246 

23.507 

33 

251 
28*553 

! 

32 

265 
3L299 

Bkakchss 

Number  of  Branch  meeting* 
held  

47 

357 

47 
306 
11.617 

52 
328 
12.712 

54 
300 
15.166 

59 
16UQ7 

Standards  Committee. — The  1916  edition  of  the  Standardization 
Rules  was  approved  by  the  Board  of  Directors  at  the  Cleveland  Con- 
vention* June  28,  1916.  This  edition  does  not  differ  radically  from  the 
previous  edition,  but  involves  material  changes  in  over  100  sections, 
with  ten  new  sections. 

Of  particular  value  in  this  revision  of  the  Rules  has  been  the  very 
cordial  cooperation  of  the  British  Engineering  Standards  Committee, 
which  was  represented  at  the  final  meeting  of  the  Standards  Committee 
on  May  15  and  16,  1916,  by  its  Secretary,  Mr.  C.  le  Maistre,  who 
came  from  London  to  New  York  for  this  express  purpose.  The  By-Laws  of 
the  Standards  Committee  referred  to  in  the  last  Annual  Report  were 
approved  by  the  Board  of  Directors  on  June  28,  1916. 

The  work  of  the  present  committee  has  been  carried  on  with  the  aid  of 
36  sub-committees  which  report  at  the  monthly  meetings  of  the  main 
committee.  The  membership  of  the  sub-committees  is  only  partly  con- 
fined to  the  main  committee  although  the  sub-committee  chairmen  are 
always  members  of  the  main  committee. 

The  changes  and  additions  to  be  proposed  as  a  result  of  this  year's 
work  are  for  the  most  part  not  radical,  and  to  avoid  the  cost  of  a  new 
edition,  will  be  printed  as  a  supplement.  It  seems  desirable  to  the  com- 
mittee that  a  new  edition  should  not  be  issued  oftener  than  once  in  two 
years. 

Work  is  now  under  way  by  the  sub-committee  on  "The  Form  but  not 
the  Substance"  looking  towards  a  complete  rearrangement  and  standardi- 
zation of  typography  for  the  1918  Edition. 

Each  year  the  need  of  more  effective  machinery  of  cooperation  with 
the  standards  committees  of  other  societies  has  become  more  evident. 
The  invitation  issued  at  the  suggestion  of  the  Standards  Committee,  by 
the  Board  of  Directors  last  winter  to  the  A.  S.  C.  E.,  the  A.  S.  M.  E., 
the  A.  I.  M.  E.  and  the  A.  S.  T.  M.,  each  to  appoint  three  representatives 
on  a  joint  committee  with  the  A.  I.  E.  E.,  to  consider  the  organization 
of  a  National  or  American  Engineering  Standards  Committee,  has  met 

vh  cordial  response,  and  the  organization  committee  after  a  winter's 
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work  is  about  ready  to  report.  The  chairman  of  the  Standards  Com- 
mittee is  chairman  of  the  organization  committee  above  referred  to. 

Another  joint  conference  committee  on  standards  largely  within  the 
electrical  field  is  already  in  operation;  it  includes  the  A.  I.  E.  E.,  the  N.  E. 
L.  A.,  the  Electric  Power  Club,  Association  of  Edison  Illuminating  Com- 
panies., the  American  Electric  Railway  Association,  the  Association  of 
Iron  and  Steel  Electrical  Engineers,  the  Railway  Signal  Association,  Soc. 
Automobile  Engineers,  Institute  of  Radio  Engineers,  Illuminating  En- 
gineering Society,  the  American  Society  for  Testing  Materials,  and  the 
Association  of  Railway  Electrical  Engineers. 

The  future  of  this  committee  will  depend  somewhat  upon  the  form  of 
organization  of  the  American  Engineering  Standards  Committee;  but 
whether  or  not  it  continues  in  its  present  form,  it  has  already  served  and 
will  continue  to  serve  a  very  useful  purpose  until  the  broader  committee 
is  fully  organized  and  ready  to  undertake  its  work. 

Our  Standardization  Rules  have  been  translated  into  French  and  this 
translation  is  now  being  revised  by  a  committee  including  several  of  our 
French  confreres,  with  Mr.  C.  O.  Mailloux  as  chairman. 

Committee  on  the  Development,  of  Water  Power. — The  committee 
has  had  no  opportunity  during  the  past  year  to  obtain  action  on  matters 
of  legislation  affecting  water  power,  and  has  therefore  confined  its  activi- 
ties to  two  specific  utterances  on  the  general  subject. 

In  the  latter  part  of  October  1916,  with  the  approval  of  the  Board  of 
Directors  of  the  Institute,  the  committee  prepared  and  submitted  to  the 
Secretaries  of  War,  Agriculture  and  the  Interior  a  declaration  of  principles 
governing  water  power. 

The  second  matter  referred  to  was  a  letter  written  to  the  Council  on 
National  Defense,  dated  February  23,  1917,  bringing  to  the  Council's 
attention  the  importance  of  legislation  in  respect  to  Niagara  Falls,  and 
setting  forth  the  intimate  and  vital  relation  between  the  products  there 
manufactured,  and  national  defense.  This  document  the  committee  be- 
lieves was  of  value  in  aiding  the  legislation  later  enacted  by  congress 
whereby  the  diversion  of  additional  water  at  Niagara  Falls  was  permitted 
up  to  the  limits  of  the  existing  treaty. 

U.  S.  National  Committee  of  the  International  Electrotechnical  Commis- 
sion.— A  general  meeting  of  the  U.  S.  National  Committee  of  the  Interna- 
tional Electrotechnical  Commission  with  the  Standards  Committee  of  the 
A.  I.  E.  E.  was  held  in  New  York  on  May  12,  1916,  on  the  occasion  of 
the  visit  to  the  United  States  of  General  Secretary  C.  le  Maistre.  The 
question  of  graphic  symbols  was  discussed  at  this  meeting  and  referred 
to  a  sub-committee  of  the  Standards  Committee  for  examination.  Hopes 
were  expressed  for  the  active  resumption  of  the  work  of  the  Commission 
after  the  world's  peace  shall  have  been  restored.  The  Annual  Report  of 
the  Honorary  Secretary  of  the  I.  E.  C.  for  the  year  ending  December  31, 
1916  was  received  in  January  and  distributed  among  the  members  of 
the  *U.  S.  National  Committee.  From  the  report  it  appears  that  not- 
withstanding the  continuance  of  the  world  war  very  appreciable  contri- 
butions to  the  work  of  the  I.  E.  C.  have  been  maintained  by  a  number 
of  the  individual  countries. 

Pan  American  Joint  Engineering  Committee. — This  committee  was 
organized  in  February  1916  upon  the  initiative  of  the  Institute  with  the 
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object  of  increasing  and  broadening  the  influence  and  usefulness  of  the 
national  engineering  societies  of  the  United  States  in  Central  and  South 
American  countries.  In  addition  to  the  Institute,  the  National  Societies  of 
Civil,  Mining,  and  Mechanical  Engineers  are  represented  upon  the  joint 
committee.  Preliminary  meetings  were  held  on  March  3  and  March  24, 
1916,  and  on  April  10,  1916,  a  formal  organization  was  effected.  Letters 
were  sent  to  all  South  and  Central  American  representatives  at  Washing- 
ton and  to  the  representatives  of  the  United  States  in  Central  and  South 
America  in  order  to  obtain  the  names  of  representative  engineering  or- 
ganizations in  those  countries.  These  names  having  been  obtained,  a  for- 
mal request  was  sent  to  the  leading  engineers  and  technical  associations  in 
each  country  asking  their  cooperation  with  the  joint  committee.  The 
committee  expects  to  continue  this  work  through  correspondence  with 
the  view  to  developing  friendly  relations  and  effecting  cooperation  with 
the  engineers  of  Central  and  South  America,  and  later  may  make  an 
effort  to  arrange  for  a  public  meeting  to  stimulate  interest  in  the  movement 
among  the  engineers  of  the  United  States. 

Code  Committee. — The  Code  Committee  has  continued  to  represent 
the  Institute  on  the  Electrical  Committee  of  the  National  Fire  Protection 
Association.  Several  sub-committee  meetings  on  various  subjects  have 
been  held  during  the  year,  and  the  Institute  has  been  represented  by  one 
or  more  members  of  the  Code  Committee  at  each  of  such  meetings. 

Editing  Committee. — Under  the  revised  Constitution  adopted  last 
year,  the  Editing  Committee  has  entire  supervision  of  the  annual  Trans- 
actions of  the  Institute,  and  receives  an  annual  appropriation  for  carrying 
on  this  work  independent  of  the  monthly  Proceedings,  which  are  now 
in  sole  charge  of  the  Meetings  and  Papers  Committee.  Under  the  new 
regime  the  Editing  Committee  has  arranged  to  publish  the  1916  Trans- 
actions early  this  summer  and  thereafter  to  publish  a  semi-annual 
volume  each  fall  and  spring  covering  the  half-years  ending  June  30 
and  December  30  respectively.  In  other  respects  the  method  of 
handling  the  publications  has  been  the  same  as  for  several  years  past  and 
appears  to  meet  with  general  satisfaction. 

Board  of  Examiners. — The  Board  of  Examiners  held  13  meetings 
during  the  year  averaging  about  three  and  a  half  hours  each.  It  con- 
sidered and  referred  to  the  Board  of  Directors  with  its  recommendations 
a  total  of  2006  applications  of  all  kinds.  In  addition  to  these,  the  Board 
reviewed  or  reconsidered  47  applications  for  a  second  and  third  time. 
The  result  of  the  Board's  work  for  the  year  is  given  in  the  following  state- 
ment: 

Applications  for  Admission. 


Recommended  for  grade  of  Associate   938 

Not  recommended  for  grade  of  Associate   3  941 

Recommended  for  grade  of  Member   67 

Not  recommended  for  the  grade  of  Member   33  100 

Recommended  for  grade  of  Fellow   2 

Not  recommended  for  Fellow   2  4 

tended  for  enrolment  as  students   356  856 
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Applications  for  Transfer. 


Recommended  for  grade  of  Member   57 

Not  recommended  for  grade  of  Member   21  78 

Recommended  for  grade  of  Fellow   12 

Not  recommended  for  grade  of  Fellow.   15  27 

Total  number  of  applications  considered   2006 

Applications  reconsidered   47 

Admission  and  transfer  all  grades   2053 


Membership  Committee. — The  Membership  Committee  this  year 
included  the  chairman  of  each  local  Section  Membership  Committee 
and  six  members  at  large.  Its  work,  therefore,  was  founded  principally 
upon  Section  activity.  Four  meetings  were  held  by  the  committee 
during  the  year. 

The  membership  booklet  containing  information  regarding  the  object, 
scope  and  work  of  the  Institute  was  revised  by  rearranging  the  material, 
the  incorporation  of  cuts,  and  including  for  the  convenience  of  applicants, 
a  tabulation  of  the  critical  facts  in  regard  to  applications.  A  booklet 
relating  to  Student  enrolment  was  prepared  and  published. 

Following  the  custom  established  by  the  Membership  Committee  of 
last  year,  the  present  committee  cooperated  with  the  New  York  office  in 
the  collection  of  dues  from  delinquent  members  with  gratifying  success. 

The  following  tabulated  statement  shows  the  total  number  of  appli- 
cations received,  also  the  additions,  deductions,  and  net  increase  in  the 
membership  for  the  year.  A  study  of  these  shows  the  direct  effect  of  the 
work  through  the  Sections,  inasmuch  as  almost  twice  as  many  applica- 
tions were  received  from  Section  territory  as  from  outside,  whereas  the 
ratio  in  the  past  has  generally  been  about  one  to  one. 


Honorary 
Member 

Fellow 

Member 

Associate 

Total 

Membership,  April  30,  1916. 

5 

454 

1137 

6616 

8212 

Additions: 

8 

65 

New  Members  Qualified . . . 

1 

57 

895 

3 

24 

Deductions: 

Died  

1 

4 

8 

35 

1 

7 

118 

6 

67 

15 

293 

Membership,  April  30, 1917 . . 

4 

468 

1226 

7022 

8710 

Net  increase  in  membership  during  the  year   498 
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Deaths. — The  following  deaths  have  occurred  during  the  year: 
Honorary  Member. — Dr.  Silvanus  P.  Thompson. 
Fellows. — Henry  Floy,  William  Stanley,  A.  C.  Eastwood,  Henry  G. 
Stott. 

Members. — F.  C.  Green,  Judson  H.  Boughton,  Charles  H.  Champion, 

F.  W.  Myers,  Robert  E.  Noyes,  Charles  Guckel,  A.  C.  Einstein,  Joseph  P. 
Davis. 

Associates. — John  W.  Beyer,  E.  M.  Barton,  W.  C.  Janney,  Nathan  A. 
Dreyfus,  John  H.  Wilson,  Louis  S.  Baird,  A.  Nielsen,  R.  H.  Harrison, 
Harold  Lomas,  Porter  Eveland,  Frank  B.  McSoley,  G.  W.  Krause,  M. 
Pfatischer,  H.  P.  Collins,  N.  L.  Jennings,  Louis  E.  Reynolds,  J.  G.  M. 
Connally,  J.  D.  Simpson,  J.  A.  Shepard,  John  A.  Barrett,  W.  Schlombs; 
Stewart  E.  Padfield,  Bayse  N.  Westcott,  Arthur  J.  Howard,  Frederic  H. 
Reed,  Robert  S.  Orr,  Fred  F.  Paulsell,  William  Brophy,  P.  P.  Spaulding, 

G.  Henry  Hill,  George  H.  Usher,  T.  K.  Arunachela-Iyer,  F.  W.  Roebling, 

H.  J.  Bildliauser,  J.  H.  Steele. 
Total  deaths,  48. 

Finance  Committee — The  following  correspondence  and  financial 
statements  form  a  complete  summary  of  the  work  of  the  Finance  Commit- 
tee of  the  year. 

New  York,  May  16,  1917. 

Board  of  Directors, 

American  Institute  of  Electrical  Engineers. 
Gentlemen: 

Your  Finance  Committee  respectfully  submits  the  following  report  for 
the  year  ending  April  30,  1917. 

During  the  past  year  the  committee  has  held  monthly  meetings,  has 
passed  upon  the  expenditures  of  the  Institute  for  various  purposes  and 
otherwise  performed  the  duties  prescribed  for  it  in  the  Constitution  and 
By-laws.  Haskins  &  Sells,  certified  public  accountants,  have  audited 
the  books,  and  their  certification  of  the  Institute  finances  follows. 

In  company  with  your  Secretary,  and  a  representative  of  the  firm  of 
accountants,  the  committee  has  examined  the  securities  held  by  the  In- 
stitute and  finds  them  to  be  as  stated  in  the  accountants'  report. 

It  is  gratifying  to  note  that  notwithstanding  the  unusual  conditions 
that  have  prevailed  during  the  year,  it  has  been  possible  to  continue  all 
the  activities  of  the  Institute  without  curtailment  and,  as  indicated  in 
the  accompanying  auditors'  report,  the  financial  affairs  of  the  Institute 
are  in  a  very  favorable  condition. 

Respectfully  submitted, 
(Signed)  J.  FRANKLIN  STEVENS, 

Chairman,  Finance  Committe. 
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NEW  YORK 

CHICAOO 

ST.  LOUIS 

CLIVSLANE 

BALTIMORE 

PITTSBURGH 


HASKINS  &  SELLS 

CERTIFIED  PUBLIC  ACCOUNTANTS 

CAILI  ADOftKSS  "HASKSILLS" 

30  BROAD  STREET 
NEW  YORK 


BAN  FRANCISCO 
LOS  ANOILIf 


ATLANTA 

WATMTOWN 

LONDON 


AMERICAN   INSTITUTE   OF   ELECTRICAL  ENGINEERS 
CERTIFICATE 

We  have  audited  the  books  and  accounts  of  the  American  Institute  of 
Electrical  Engineers  for  the  year  ended  April  30,  1917,  and 

We  Hereby  Certify  that  the  accompanying  General  Balance  Sheet 
properly  sets  forth  the  financial  condition  of  the  Institute  on  April  30, 
1917,  that  the  Statement  of  Income  and  Profit  and  Loss  for  the  year  ended 
that  date  is  correct,  and  that  the  books  of  the  Institute  are  in  agreement 
therewith. 

HASKINS  &  SELLS, 

Certified  Public  Accountants 

New  York, 
May  12,  1917. 
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Revenue—  (Forward)   1117.843.68 

Expenses— (Forward)  S  80,109.85 

Sections  Committee: 

Section  Meetings  S  5.938.51 

Branch  Meetings   183.10 

Delegates*  Convention  Expenses   1.436.92 

Salaries.  New  York  Office   2.340 . 00 

Stationery  and  Printing.  New  York  Office   672.30 

Express  on  Advance  Copies                                                      26. 13 1  10.596  96 


General: 

Library  Assessment,  United  Engineering  Society  S  4,000.00 

Membership  Committee   1 ,051 . 44 

Finance  Committee   1 50 . 00 

Standards  Committee   778  52 

Code  Committee   30.00 

National  Defense  Committee   803  24 

Pan  American  Engineering  Committee   25.00 

Constitutional  Revision  Committee   73 . 35 

International  Engineering  Congress.  1915   1.800.00 

Annual  Dues,  International  Electrotechnical  Commission ....  250. 00  - 

John  Frits  Medal  Award   109 . 20 

President's  Special  Appropriation   341.92 

Salary  and  Traveling  Expenses.  Honorary  Secretary   4,421 . 28     13.833 . 95 


Total   1104.540.76 

Add: 

Increase  in  Accounts  Payable — Subject  to  Approval  by  the 
Finance  Committee.  Expenses  Undistributed  at: 

May  1.  1916  S  7.146.64 

April  30.  1917,  not  including  Liability  of  1708.20  incurred 
for  Account  of  Societies  Affiliated  in  National  Defense  Move- 
ment  7.675.09  528.45 


Total  Expenses   1105,069.21 


Net  Revenue  I  12.774.47 

Profit  a  Loss  Credit — Accessions  to  Library  Volumes  and  Fixtures   662. 50 


Gaoss  Surplus  for  the  Year  S  13,436.97 

Profit  *  Loss  Charges: 

Uncollectible  Dues  Written  Off  S    3,051 . 00 

Provision  for  Depreciation  of  Furniture  and  Fixtures   1,329  65 

Amortization  of  Premium  on  City  of  Wilmington,  Delaware. 

4tf  %  Bonds  of  1934    52.50 


Total   4,433.15 


Net  Surplus  for  the  Year  $   9.003  82 

Surplus.  May  1.  1916   614.012  61 


Surplus.  April  30.  1917  S623.016.43 
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AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 

Statement  of  Cash  Receipts  and  Donations  for  Designated  Pur- 
poses.   Also  Disbursements,  for  the  Year  Ended  April  30,  1917. 

Exhibit  C. 


Receipts: 

Life  Membership  Fund   $365.86 

International  Electrical  Congress  of  St.  Louis  Library  Fund — Interest 

and  Royalties   94.20 

Mailloux  Fund— Interest   45.00 

Midwinter  Convention  Fund — Interest   3  16 


Total   $508  22 


Disbursements: 

Life  Membership  Fund   277.08 

Mailloux  Fund   26.75 

Midwinter  Convention  Fund   66.29 


Total   1370.12 


RECEIPTS  AND  DISBURSEMENTS  PER  YEAR  PER  MEMBER. 
During  each  fiscal  year  for  the  past  eight  years. 

Year  ending  April  30   1910     1911     1911     19U     1914     1911     1916  191T 

Membership,  April  30,  each 
year   6681     7117     7459     7654     7876     8054     8212  8710 


Receipts  per  Member  $13  .35  113  .37  113.19  113  .45  114.08  $14  .06  $13.62  $13  .30 

Disbursements  per  Member  12.03    11.03    12.44    15.57    12.86    13.54    13.74  12.75 


Credit  Balance  per  Member  $1.32    $2  .34    $  .75  *$2  .12    $1  22    $  .52  *$  .12    $  .55 
•Deficit. 

Respectfully  submitted  for  the  Board  of  Directors, 

F.  L.  HUTCHINSON,  Secretary. 

New  York,  May  18.  1917. 
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ELECTRICAL  ENGINEERS 
April  30,  1917. 

Liabilities. 

Current  Liabilities: 

Accounts  Payable — Subject    to    Approval    by    the  Finance 

Committee  $  8.383.29 

Dues  Received  in  Advance   2,097.69 

Entrance  Pees  and  Dues  Advanced  by  Applicants  for  Member- 
ship  310.50 


Total  Current  Liabilities   $10,791.48 

Fund  Reserves: 

Life  Membership  Fund  $  5,340.75 

International  Electrical  Congress  of  St.  Louis — Library  Fund . .  3,150.68 

Mailloux  Fund   1,144.85 

Midwinter  Convention  Fund   95. 80 


Total  Fund  Reserves   $  9,732.08 

Surplus:    Per  Exhibit  "B"   S623.016.43 


Total   $643,539.99 


Influence  of  Dielectric  Losses  on  the  Rating  of  High-Tension  Un- 
derground Cables,  The.    (Illustrated.)    (A.  F.  Bang  and  H. 

C.  Louis)   431 

Industrial  Controllers — With  Particular  Reference  to  the  Control  of 

Direct-Current  Shunt  Motors.    (Illustrated.)    (H.  D.  James)  253 
Industrial  Research  and  Its  Relation  to  University  and  Govern- 
mental Research.    (C.  E.  Skinner)   871 

Indi  trial  Research  and  the  Colleges.    (A.  E.  KenneUy)   833 

Industrial  Research — With  Some  Notes  Concerning  Its  Scope  in  the 

Bell  Telephone  System.    (F.  B.  Jewell)   841 

Insulation  Characteristics  of  High- Voltage  Cables.  (Illustrated.) 

( W.  5.  Clark  and  G.  B.  Shanklin)   447 

Insulator  Situation,  The.    (Illustrated.)    (W.  D.  Peaslee)   527 

Internal  Temperatures  of  A-C.  Generators.    (Illustrated.)  (Ralph 

Kelly)   79 

Magnetic  Flux  Distribution  in  Annular  Steel  Laminae.  (Illustrated) 

(A.  E.  KenneUy  and  P.  L.  Alger)   1113 

Modern  Physics.    {R.  A.  MUlikan)   235 

New  Electric  Mine  Hoist  at  Butte,  Mont.    (Illustrated.)    (R.  S. 

Sage)   655 

Oscillating-Current  Circuits  by  the  Method  of  Generalized  Angular 

Velocities.    (Illustrated.)      ( V.  Busk)   207 

Performance  of  Polyphase  Induction  Motors  Under  Unbalanced 

Secondary  Conditions.    (Illustrated.)    (A.  A.  Gatda)   339 

Phenomena  Accompanying  Transmission  With  Some  Types  of  Star 

Transformer  Connections.  (Illustrated.)  (L.  N.  Robinson) . .  1081 
Present  Practise  in  the  Design  and  Manufacture  of  High -Tension 

Insulators.    (Illustrated.)    (A.  0.  Austin)   545 

Problems  of  Operation  and  Maintenance  of  Underground  Cables. 

(Illustrated.)    (Jokn  L.  Harper)   417 

Protection  of  Transformer  Neutrals  Against  Destructive  Transient 

Disturbances.    (Max  H.  Collbohm)   135 

Protective  Equipment  on  the  System  of  the  Commonwealth 

Edison  Company,  The.  (Illustrated.)  (R.  F.  Schuchardt). . .  377 
Reactors   in    Hydroelectric    Stations.    (Illustrated.)    (/.  Allen 

Johnson)   105 

Regenerative   Braking  of  Electric  Vehicles.    (Illustrated.)  (R. 

E.  Hellmund)   1 

Relays  for  High-Tension  Lines.  (Illustrated.)  (Philip  Torckio) . .  361 
Report  of  Board  of  Directors,  for  fiscal  year  ending  April  30,  1917 . .  1167 

Supplement  to  Standardization  Rules   1157 

Transient  Conditions  in  Asynchronous  Induction  Machines  and 

Their  Relation  to  Control  Problems.    (Illustrated.)    (R.  E. 

Hellmund)   321 

Transmission  Line  Design.    (Illustrated.)    (F.  K.  Kirsten)   735 
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1.  EDUCATION 


INDUSTRIAL  RESEARCH  AND  THE  COLLEGES 
A.  E.  Kennelly  Vol.  xxxri— ltlT,  pp.  MS-M9 

An  outline  of  the  proper  relationship  that  should  exist  in  the  industrial 
research  field  between  the  pure  science  college,  the  technical  college  and 
the  industries,  themselves. 

Discussion  incorporated  with  that  of  paper  by  F.  B.  Jewett  on  "Indus- 
trial Research  with  Some  Notes  Concerning  its  Scope  in  the  Bell  Tele- 
phone System." 

INDUSTRIAL  RESEARCH  WITH  SOME  NOTES  CONCERNING  ITS  SCOPE  IN 

THE  BELL  TELEPHONE  SYSTEM 
F.  B.  Jewett  Vol.  xxxri— ltlT,  pp.  S41-SM 

The  interrelation  of  industrial  and  "pure  science"  research  and  the 
restrictions  which  must  be  imposed  to  insure  mutual  existence.  A  brief 
outline  of  the  scope  and  progress  of  industrial  research  in  the  Bell  Tele- 
phone System. 

Discussion  (including  that  of  paper  by  A.  E.  Kennelly),  pages  856-869, 
by  Messrs.  V.  Karapetoff,  A.  M.  Gray,  E.  P.  Hyde,  L.  F.  Morehouse,  C. 
H.  Sharp,  W.  I.  Slichter,  H.  Pender,  H.  A.  Hornor,  R.  W.  Pope,  C.  F. 
Scott,  A.  E.  Kennelly  and  E.  B.  Craft. 

A  general  discussion. 

INDUSTRIAL  RESEARCH  AND  ITS  RELATION  TO  UNIVERSITY  AND  GOVERN- 
MENTAL RESEARCH 
C.  E.  Skinner  Vol.  xxxri— ltlT,  pp.  8T1-M1 

1.  Introduction  emphasizing  the  great  activity  in  all  branches  of 
research  at  the  present  time. 

2.  A  division  of  research  activities  into  three  principal  classes,  univer- 
sity, governmental  and  industrial. 

3.  A  statement  that  the  principal  function  of  university  research 
should  be  to  train  research  men  and  some  suggestions  as  to  the  type  of 
training  required. 

4.  A  brief  statement  of  the  function  of  governmental  research  which 
has  to  do  with  such  things  as  the  development  and  conservation  of  our 
natural  resources,  the  national  defense  and  the  promotion  of  those  things 
which  are  for  the  benefit  of  the  whole  people. 

5.  A  brief  description  of  the  Research  Division  of  the  Westinghouse 
Electric  &  Manufacturing  Company,  its  rise  and  its  relation  to  other 
departments. 

6.  A  statement  of  the  desirability  of  co-operation  among  all  agencies 
engaged  in*research. 
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Discussion,  pages  883-903,  by  Messrs.  B.  A.  Behrend,  V.  Karapetoff, 
C.  E.  Skinner,  H.  Pender,  O.  Smith,  L.  W.  Chubb,  C.  A.  Adams,  W.  Mc- 
Clellan,  A.  M.  Gray,  W.  L.  R.  Emmett  and  N.  S.  Diamant. 

A  general  discussion  with  special  emphasis  on  the  research  problems 
involved  in  the  development  of  the  turbo-generator. 

2.  GENERAL  THEORY 

OSCILLATING-CURRENT  CIRCUITS  BY  THE  METHOD  OF  GENERALIZED 
ANGULAR  VELOCITIES 
V.  Bush  Vol.  xxxri— ltlT,  pp.  MT-SSl 

In  the  same  way  that  alternating-current  theorems  are  obtained,  by 
generalized  d-c.  theorems,  the  author  obtains  oscillating-current  theorems 
by  still  further  generalization.  KirchofT's  law  is  generalized  and  a  simple 
method  of  determining  generalized  angular  velocities,  frequencies  and 
decrements  of  free  oscillation  obtained.  Examples  are  given  to  show 
method  of  procedure.    A  list  of  symbols  is  given  at  end  of  paper. 

Discussion,  pages  222-234,  by  Messrs.  A.  E.  Kennelly,  C.  Fortescue, 
H.  Fletcher,  T.  C.  Fry,  V.  Bush  and  A.  Press. 

A  general  discussion  of  the  application  and  value  of  the  author's  meth- 
od of  solution  of  oscillating-current  circuits. 

AN  EXPERIMENTAL  METHOD  OF  OBTAINING  THE  SOLUTION  OF  ELECTRO- 
STATIC PROBLEMS  WITH  NOTES  ON  HIGH-VOLTAGE  BUSHING  DESIGN 
Chester  W.  Rice  Vol.  xmi— ltlT,  pp.  Mt-lMl 

The  electrodynamic  method  for  obtaining  the  solution  of  electrostatic 
and  allied  problems  is  developed  to  a  high  degree  of  accuracy  and  then 
applied  to  the  study  of  high-voltage  bushings.  An  experimental  high- 
air-efficiency  bushing  was  built  and  tested  and  also  a  series  of  small 
bushings.  An  appendix  gives  unexpurgated  mathematical  solutions  of 
two  flow  problems. 

Discussion,  pages  1052-1072,  by  Messrs.  R.  Mershon,  C.  O.  Mailloux, 
J.  B.  Taylor,  A.  M.  Gray,  C.  L.  Fortescue,  E.  D.  Eby.  F.  W.  Peek,  Jr.. 
M.  E.  Tressler,  H.  O.  Stevens,  S.  W.  Farnsworth,  S.  Haar,  B.  A.  Behrend, 
J.  B.  Morrill  and  C.  W.  Rice. 

A  general  discussion  of  the  problems  encountered  in  bushing  design. 

3.  UNITS,  MEASUREMENTS  AND  INSTRUMENTS 

INTERNAL  TEMPERATURES  OP  A-C.  GENERATORS 
Ralph  Kellj  VoL  nxri— 1»1T.  pp.  TMI 

The  paper  deals  with  the  internal  temperatures  of  a  number  of  typical 
large  a«c.  generators;  this  temperature  being  measured  by  a  thermo-couple 
placed  between  armature  coils  in  the  same  slot  and  in  the  center  of  the 
core.  The  difference  between  these  measured  internal  temperatures  and 
the  corresponding  surface  temperatures  is  explained  by  the  aid  of  the 
tests  and  of  calculations.  A  method  of  calculation  for  internal  tempera- 
^  is  given  based  on  simple  heat  laws  and  on  data  from  tests.  By 
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means  of  the  tests  and  of  parallel  calculations,  the  effect  on  the  internal 
temperature  of  changes  in  frequency,  core  length,  thickness  and  quality 
of  insulation,  armature  current  density  and  core  densities,  is  explained. 
The  capacity  of  the  end  windings  to  dissipate  heat  from  the  center  of  the 
core  is  also  discussed. 

Discussion*  pages  95-104.  by  Messrs.  Henry  G.  Reist,  C.  A.  Adams,  W. 
P.  Dawson,  H.  M.  Hobart,  Alexander  Gray  and  Ralph  Kelly. 

A  discussion  of  the  various  methods  and  means  of  temperature  measure- 
ment and  methods  of  ventilation  of  generators,  radial  vs.  axial,  etc. 

THE  RLSCTBJC  STRENGTH  OF  ATR— VII 
J.  B.  Whitehead  ana  W.  &  Brew*  VoL  mri—lMT,  pp.  ltft-lM 

In  view  of  the  variation  among  the  values  obtained  by  different  observ- 
ers, this  paper  aims  to  make  a  careful  determination  of  corona-forming 
voltages  for  alternating  and  for  positive  and  negative  continuous  voltages 
in  the  same  apparatus  and  under  the  same  conditions. 

The  values  with  alternating  voltage  coincide  with  those  of  negative 
continuous  voltage.  Positive  continuous  voltage  therefore  forms  corona 
at  the  lowest  value. 

The  observations  on  the  negative  corona  give  values  higher  than  any 
heretofore  obtained. 

Other  experiments  are  described,  giving  qualitative  indications  of  the 
correctness  of  Townsend's  theory  of  ionization  by  collision. 

Discussion  (including  that  of  paper  by  J.  W.  Davis  and  C.  S.  Breese). 
pages  199-205,  by  Messrs.  Saul  Dushman.  J.  B.  Taylor,  L.  W.  Chubb.  F, 
W.  Peek,  Jr.,  and  J.  B.  Wfltehead. 

A  general  discussion. 

COOLING  OF  OIL-IMMERSED  TRANSFORMER  WINDINGS  AFTER  SHUT-DOWN 
V.  1A.  Montaincer  Vol.  xxxrt—  ltlT,  pp.  Tll-TM 

The  1916  A.  I.  E.  E.  Rules  require  temperature  rise  of  transformer 
windings  be  observed  by  resistance  method.  This  requires  time  and 
therefore  temperature  drop.  The  author  describes  three  general  meth- 
ods of  determining  temperature  at  shut-down.  Under  "Conclusions" 
the  general  advantages  and  disadvantages  of  each  method  are  given.  In 
the  Appendix  are  developed  certain  formulas  used  in  the  paper. 

Discussion,  pages  731-734,  by  Messrs.  A.  S.  McAllister,  V.  M.  Mont- 
singer,  F.  F.  Brand,  L.  F.  Blume  and  W.  C.  Smith. 

A  general  discussion. 

MAGNETIC  FLUX  DISTRIBUTION  IN  ANNULAR  STEEL  LAMINAE 
A.  E.  KenneUy  and  P.  L.  Alger  VoL  xxxwi— ItiT.  pp.  11U-1U1 

The  distribution  of  alternating  magnetic  flux  density  in  ring  laminae  is 
studied  experimentally.  It  is  found  to  differ  materially  at  different  radii, 
not  only  in  root-mean-square  magnitude,  but  also  in  wave  form.  The 
reasons  for  this  distortion  are  discussed. 

Discussion,  pages  1132-1156,  by  Messrs.  B.  A.  Behrend,  L.  W.  Chubb. 
V.  M.  Montsinger.  A.  S.  McAllister,  C.  O.  Mailloux,  A.  M.  Dudley,  F.  W. 


6 


SYNOPTICAL  INDEX 


Peek,  Jr.,  G.  B.  Thomas,  P.  L.  Alger,  A.  E.  Kennelly,  W.  V.  Lyon  and 
L.  N.  Robinson. 

A  general  discussion. 


4.  INSULATION  AND  DIELECTRIC  PHENOMENA 

CORONA  AND  RECTIFICATION  IN  HYDROGEN 
J.  W.  Datii  and  C.  S.  Breete  Vol.  xxxri— HIT,  pp.  1M-1M 

The  results  of  an  investigation  of  the  corona  discharge  between  co-axial 
cylinders  in  an  atmosphere  of  hydrogen  are  given  in  this  paper. 

Both  direct  and  alternating  electromotive  forces  were  used.  The  char- 
acteristic behavior  of  the  corona  is  given  by  means  of  curves,  photographs 
and  oscillograms. 

Corona  in  hydrogen  between  concentric  cylinders  is  shown  to  be  a 
practicable  method  for  rectifying  high-potential  alternating  currents. 

The  apparent  evidence  of  ionization  potential  gradients  at  the  surface 
of  the  tube  and  the  general  character  of  the  visual  phenomena  are  dis- 
cussed. 

A  brief  statement  of  conclusions  is  given. 

Discussion,  incorporated  with  that  of  paper  by  J.  B.  Whitehead  and  W. 
S.  Brown  on  "'The  Electric  Strength  of  Air-VII". 

THE  ELECTRIC  STRENGTH  OP  AIR — VH 
J.  B.  Whitehead  and  W.  S.  Brown  ^    Vol.  xxxri— 191T,  pp.  1M-1M 

In  view  of  the  variation  among  the  values  obtained  by  different  observ- 
ers, this  paper  aims  to  make  a  careful  determination  of  corona-forming 
voltages  for  alternating  and  for  positive  and  negative  continuous  voltages 
in  the  same  apparatus  and  under  the  same  conditions. 

The  values  with  alternating  voltage  coincide  with  those  of  negative 
continuous  voltage.  Positive  continuous  voltage  therefore  forms  corona 
at  the  lowest  value. 

The  observations  on  the  negative  corona  give  values  higher  than  any 
heretofore  obtained. 

Other  experiments  are  described,  giving  qualitative  indications  of  the 
correctness  of  Townsend's  theory  of  ionization  by  collision. 

Discussion  (including  that  of  paper  by  J.  W.  Davis  and  C.  S.  Breese), 
pages  199-205,  by  Messrs.  Saul  Dushman,  J.  B.  Taylor,  L.  W.  Chubb,  F. 
W\  Peek.  Jr.,  and  J.  B.  Whitehead. 

A  genera]  discussion. 

THE  INFLUENCE  OF  DIELECTRIC  LOSSES  ON  THE  RATING  OF  HIGH-TENSION 

UNDERGROUND  CABLES 
A.  F.  Banc  tad  H.  C.  Urate  VoL  xxxri— ltlT.  p*  4U-44S 

This  paper  describes  a  series  of  tests  made  to  determine  the  dielectric 
losses  in  various  kinds  of  13,000- volt  cable.  These  losses  were  found  to 
increase  greatly  with  the  temperature  and  thus  become  an  important 
factor  in  the  rating  of  such  cables.    A  method  is  developed  whereby  the 
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influence  of  these  losses  on  the  rating  can  be  approximately  calculated 
for  duct  lines  with  uniformly  loaded  cables. 

Discussion  incorporated  with  that  of  paper  by  W.  S.  Clark  and  G.  B. 
Shanklin  on  "Insulation  Characteristics  of  High- Voltage  Cables". 

INSULATION  CHARACTERISTICS  OF  HIGH-VOLTAGE  CABLES 
W.  S.  Clark  and  G.  B.  Sluuddin  fol.  xxxri— HIT,  pp.  44T-4M 

The  insulation  characteristics  of  different  types  of  single-  and  three- 
conductor  cable,  determined  largely  by  dielectric  energy  loss  measure- 
ments, are  discussed  in  detail.  Particular  attention  is  given  to  paper- 
insulated  cable,  both  new  cable  and  cable  that  has  been  in  service  being 
considered.  Varnished  cambric  and  different  grades  of  rubber  insulation, 
as  well  as  cable  compounds  are  also  dealt  with  briefly. 

Discussion  (including  that  of  paper  by  John  L.  Harper,  D.  W.  Roper, 
A.  F.  Bang  and  H.  C,  Louis),  pages  494-526,  by  Messrs.  W.  I.  Middleton, 
C.  L.  Dawes,  Philip  Torchio,  C.  W.  Davis,  H.  R.  Wood  row.  J.  B.  White- 
head, D.  W.  Roper,  A.  F.  Bang,  C.  A.  Adams,  W.  S.  Clark,  D.  Du  Bois, 
E.  B.  Meyer,  J.  L.  Harper,  C.  N.  Rakestraw,  H.  E.  Weightman,  P.  H. 
Chase,  R.  W.  Atkinson,  H.  W.  Fisher,  A.  F.  Hovey  and  H.  C.  Louis. 

A  general  discussion  with  experiences  and  data  on  cables  and  cable 
joints  acquired  in  practise. 

THE  INSULATOR  SITUATION 
W.  D.  Peadee  Vol.  xxxri— ltlT,  pp.  I1T-US 

This  paper  gives  a  resume*  of  the  insulator  situation  as  it  exists  at  the 
present  time. 

A  statement  of  the  apparent  causes  of  the  very  rapid  deterioration  of 
insulators,  even  when  stored  and  subject  to  no  electric  stress  is  given,  and 
the  conditions  necessary  to  the  production  of  an  insulator  that  will  reduce 
this  deterioration  cost  are  discussed. 

Microphotographs  showing  the  structure  of  the  porcelain  from  several 
insulators  are  given.  Three  means  are  given  for  improving  the  insulator 
situation. 

Discussion  incorporated  with  that  of  paper  by  A.  0.  Austin  on  "Present 
Practise  in  the  Design  and  Manufacture  of  High-Tension  Insulators". 

EXPANSION  EFFECTS  AS  A  CAUSE  OF  DETERIORATION  IN  SUSPENSION  TYPE 

INSULATORS 

J.  A.  Brundife  Vol.  nni- ltlT,  pp.  fM-M4 

In  seeking  causes  for  the  rapid  deterioration  which  has  been  encountered 
in  suspension  type  insulators,  two  leading  hypotheses,  viz.,  porosity  and 
mechanical  cracking  through  expansion  effects,  have  been  advanced  by 
different  groups  of  investigators.  These  are  briefly  outlined  in  the  paper, 
after  which  the  author  presents  data  in  support  of  the  latter.  Some  of 
the  operating  problems  attendant  upon  insulator  deterioration  are  also 
discussed. 

Discussion  incorporated  with  that  of  paper  by  A.  O.  Austin  on  "Present 
Practise  in  the  Design  and  Manufacture  of  High-Tension  Insulators". 
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PRESENT  PRACTISE  IN  THE  DESIGN  AND  MANUFACTURE  OF  HIGH-TENSION 

INSULATORS 

A.  O.  Austin  Vol.  xxxri— 1117,  pp.  MI-MS 

Rapid  development  in  the  transmission  field  has  rendered  the  early 
insulator  obsolete.  As  causes  of  losses  have  become  evident,  means  have 
been  found  to  eliminate  them.  Study  of  operating  conditions  has  materi- 
ally changed  the  insulator  situation.  Porosity  loss  has  been  reduced  to  a 
minimum  by  improved  firing  and  closer  selection.  To  prevent  trouble  on 
old  lines  it  may  be  necessary  to  give  the  insulators  a  temperature  as  well 
as  an  electrical  test.  Trouble  on  modern  insulators  is  prevented  by  care- 
ful attention  to  temperature  gradient,  increased  mechanical  strength  and 
lowering  internal  stresses  by  an  elastic  joint. 

Discussion  (including  that  on  papers  by  W.  D.  Peaslee  and  J.  A. 
Brundige),  pages  563-595,  by  Messrs.  H.  J.  Ryan,  J.  C.  Clark,  P.  Torchio, 
E.  E.  F.  Creighton,  E.  M.  Hewlett,  P.  H.  Thomas,  J.  B.  Taylor,  C.  F. 
Harding,  J.  T.  Barron,  J.  A.  Brundige  and  A.  O.  Austin. 

A  general  discussion  of  the  insulator  situation  with  much  data  from 
practise. 

AN  EXPERIMENTAL  METHOD  OF  OBTAINING  THE  SOLUTION  OF  ELECTRO- 
STATIC PROBLEMS  WITH  NOTES  ON  HIGH-VOLTAGE  BUSHING  DESIGN 
Chester  W.  Rice  Vol.  xxxri— 1917,  pp.  fOt-lMl 

The  electrodynamic  method  for  obtaining  the  solution  of  electrostatic 
and  allied  problems  is  developed  to  a  high  degree  of  accuracy  and  then 
applied  to  the  study  of  high- voltage  bushings.  An  experimental  high- 
air-efficiency  bushing  was  built  and  tested  and  also  a  series  of  small 
bushings.  An  appendix  gives  unexpurgated  mathematical  solutions  of 
two  flow  problems. 

Discussion,  pages  1052-1072,  by  Messrs.  R.  Mershon,  C.  O.  Mailloux, 
J.  B.  Taylor,  A.  M.  Gray,  C.  L.  Fortescue,  E.  D.  Eby,  F.  W.  Peek,  Jr.. 
M.  E.  Tressler,  H.  O.  Stevens,  S.  W.  Farnsworth,  S.  Haar,  B.  A.  Behrend, 
J.  B.  Morrill  and  C.  W.  Rice. 

A  general  discussion  of  the  problems  encountered  in  bushing  design. 


6.  ELECTRIC  CONDUCTORS 

PROBLEMS  OP  OPERATION  AND  MAINTENANCE  OF  UNDERGROUND  CABLES 
John  L.  Harper  Vol.  xxxri— 1917,  pp.  417-4SS 

With  a  view  to  increasing  transmission  capacity  the  causes  of  failures 
of  cables  are  analyzed  and  conclusion  drawn  that  overheating  is  most 
important.  Methods  of  removal  of  heat  from  cables  are  considered  and 
recommendations  made  for  flooding  conduits  with  water. 

Discussion  incorporated  with  that  of  paper  by  W.  S.  Clark  and  G.  B. 
Shanklin  on  "Insulation  Characteristics  of  High-Voltage  Cables''. 

THE  FUNDAMENTALS  OF  SUCCESSFUL  HIGH-TENSION  CABLE  JOINTS 
D.  W.  Roper  Vol.  xxxri— 1917,  pp.  411-419 

In  this  paper  the  author  gives  specifications  intended  to  apply  in  general 
to  joints  on  cables  operating  at  voltages  above  10,000  and  in  particular 
to  joint*    -  above  20,000  volts. 
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DiscMsiimn  incorporated  with  that  of  paper  by  W.  S.  Clark  and  G.  B. 
Shanklin  on  "Insulation  Characteristics  of  High- Vol  tape  Cables**. 

THE  INFLUENCE  OF  DIELECTRIC  LOSSES  ON  THE  RATUIG  OF  HIGH-TENSION 

UNDERGROUND  CABLES 
A.  F.  Base  *m&  H.  C  Lows  YoL  szxvi— 1MT,  p*.  4S1-444 

This  paper  describes  a  series  of  tests  made  to  determine  the  dielectric 
losses  in  various  kinds  of  13.000- volt  cable.  These  losses  were  found  to 
increase  greatly  with  the  temperature  and  thus  become  an  important 
factor  in  the  rating  of  such  cables.  A  method  is  developed  whereby  the 
influence  of  these  losses  on  the  rating  can  be  approximately  calculated 
for  duct  lines  with  uniformly  loaded  cables. 

Discussion  incorporated  with  that  of  paper  by  W.  S.  Clark  and  G.  B. 
Shanklin  on  "Insulation  Characteristics  of  High- Voltage  Cables*'. 

INSULATION  CHARACTERISTICS  OF   HIGH-VOLTAGE  CABLES 
W.  S.  Clark  mud  G.  B.  Shanklin  Vol.  xxrri— lilT,  pp.  44T-4M 

The  insulation  characteristics  of  different  types  of  single-  and  three- 
conductor  cable,  determined  largely  by  dielectric  energy  loss  measure- 
ments, are  discussed  in  detail.  Particular  attention  is  given  to  paper- 
insulated  cable,  both  new  cable  and  cable  that  has  been  in  service  being 
considered.  Varnished  cambric  and  different  grades  of  rubber  insulation, 
as  well  as  cable  compounds  are  also  dealt  with  briefly. 

Discussion  (including  that  of  paper  by  John  L.  Harper,  D.  W.  Roper, 
A.  F.  Bang  and  H.  C.  Louis),  pages  494-526,  by  Messrs.  W.  I.  Middleton, 
C.  L.  Dawes,  Philip  Torchio,  C.  W.  Davis,  H.  R.  Woodrow,  J.  B.  White- 
head, D.  W.  Roper,  A.  F.  Bang,  C.  A.  Adams,  W.  S.  Clark,  D.  Du  Bois, 
E.  B.  Meyer,  J.  L.  Harper,  C.  N.  Rakestraw,  H.  E.  Weightman,  P.  H. 
Chase,  R.  W.  Atkinson,  H.  W.  Fisher,  A.  F.  Hovey  and  H.  C.  Louis. 

A  general  discussion  with  experiences  and  data  on  cables  and  cable 
joints  acquired  in  practise.. 

6.  MAGNETIC  PROPERTIES  AND  TESTING  OF  IRON 

MAGNETIC  FLUX  DISTRIBUTION  IN  ANNULAR  STEEL  LAMINAE 
A.  E.  KenneUy  mud  P.  L.  Alger  Vol.  nxvi— WIT,  pp.  lllt-USl 

The  distribution  of  alternating  magnetic  flux  density  in  ring  laminae  is 
studied  experimentally.  It  is  found  to  differ  materially  at  different  radii, 
not  only  in  root-mean-square  magnitude,  but  also  in  wave  form.  The 
reasons  for  this  distortion  are  discussed. 

Discussion,  pages  1132-1156,  by  Messrs.  B.  A.  Behrend,  L.  W.  Chubb, 
V.  M.  Montsinger,  A.  S.  McAllister,  C.  O.  Mailloux,  A.  M.  Dudley,  F.  W. 
Peek,  Jr.,  G.  B.  Thomas,  P.  L.  Alger,  A.  E.  Kennelly,  W.  V.  Lyon  and 
L.  N.  Robinson. 

A  general  discuss  on. 

9.  ELECTRICAL  MACHINERY  AND  APPARATUS 

INTERNAL  TEMPERATURES  OF  A-C.  GENERATORS 
Ralph  Kelly  Vol.  mrt— ltlT,  pp.  Tt-M 

The  paper  deals  with  the  internal  temperatures  of  a  number  of  typical 
large  a-c.  generators;  this  temperature  being  measured  by  a  thermo-couple 
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placed  between  armature  coils  in  the  same  slot  and  in  the  center  of  the 
core.  The  difference  between  these  measured  internal  temperatures  and 
the  corresponding  surface  temperatures  is  explained  by  the  aid  of  the 
tests  and  of  calculations.  A  method  of  calculation  for  internal  tempera- 
tures is  given  based  on  simple  heat  laws  and  on  data  from*  tests.  By 
means  of  the  tests  and  of  parallel  calculations,  the  effect  on  the  internal 
temperature  of  changes  in  frequency,  core  length,  thickness  and  quality 
of  insulation,  armature  current  density  and  core  densities,  is  explained. 
The  capacity  of  the  end  windings  to  dissipate  heat  from  the  center  of  the 
core  is  also  discussed. 

Discussion,  pages  95-104,  by  Messrs.  Henry  G.  Reist,  C.  A:  Adams,  W. 
F.  Dawson,  H.  M.  Hobart,  Alexander  Gray  and  Ralph  Kelly. 

A  discussion  of  the  various  methods  and  means  of  temperature  measure- 
ment and  methods  of  ventilation  of  generators,  radial  vs.  axial,  etc. 

INDUSTRIAL  CONTROLLERS— WITH  PARTICULAR    REFERENCE  TO  THE 
CONTROL  OF  DIRECT-CURRENT  SHUNT  MOTORS 
H.  D.  James  Vol.  xxxvi— 1917,  pp.  2S3-27S 

Stating  former  limitations  as  to  regulation  of  starting  current  from  the 
viewpoint  of  motor,  controller  and  supply  system  have  been  largely 
removed,  the  author  presents  a  series  of  tests  on  15  and  20  h.p.,  230-volt 
d-c.  shunt  motors,  started  from  rest.  The  motors  are  of  two  types, 
constant  and  adjustable  speed. 

From  these  tests  the  author  concludes,  in  part  ;  that  it  is  practical  with 
automatic  acceleration  to  use  one  switch  to  short-circuit  the  armature 
resister  used  with  motors  as  large  as  15  h.p.;  that  the  shunt  field  of  small 
adjustable-speed  motors  can  be  reduced  in  one  step  under  normal  load 
conditions  (this  practise  can  be  safely  followed  up  to  motors  of  50  h.p.); 
and  that  adjustable-speed  motors  can  use  one  step  resistance  for  dynamic 
braking. 

Discussion,  incorporated  with  that  of  paper  by  K.  L.  Hansen  on  "An- 
alysis of  Starting  Characteristics  of  Direct-Current  Motors". 

ANALYSIS  OF  STARTING  CHARACTERISTICS  OF  DIRECT-CURRENT  MOTORS 
K.  L.  Hansen  Vol.  xxxri— ltlT,  pp.  STf-lM 

In  this  paper  are  derived  the  mathematical  expressions  for  the  current, 
speed,  torque  and  power  at  any  time  during  the  acceleration  period  when 
a  shunt,  series  or  compound  motor  is  connected  to  a  supply  line. 

Discussion,  (including  that  of  paper  by  H.  D.  James)  pages  300-320,  by 
Messrs.  C.  T.  Evans,  R.  Hellmund,  R.  G.  Widdows,  E.  J.  Murphy,  J.  H. 
Albrecht,  E.  H.  Martindale,  R.  H.  McLain,  A.  A.  Gazda,  J.  B.  Fisken, 
F.  W.  Gay,  A.  Gray,  J.  P.  Mallett,  H.  D.  James  and  R.  L.  Goetzenberger. 

A  general  discussion  presenting  arguments  from  actual  practise  both 
for  and  against  the  one-step  starter.    Special  emphasis  on  flashing. 

TRANSIENT  CONDITIONS  IN  ASYNCHRONOUS  INDUCTION   MACHINES  AND 

THEIR  RELATION  TO  CONTROL  PROBLEMS 
R.  E.  Hellmund  Vol.  xxxvi— 191T,  pp.  Stl-SSt 

This  paper  discusses  a  number  of  transient  conditions  existing  in 
ous  machines  immediately  after  certain  changes  in  the  circuit 
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connections  are  made.  The  advisability  of  considering  these  conditions 
in  connection  with  the  control  layout  for  the  purpose  of  eliminating  bad 
effects  caused  thereby,  is  pointed  out.  The  principal  subjects  considered 
are  undesirable  peak  currents,  which  may  be  caused  by  the  damping 
effect  of  the  short-circuited  rotor  windings  and  the  over-voltages,  which 
are  obtained  with  certain  control  arrangements. 

Discussion  incorporated  with  that  of  paper  by  A.  A.  Gazda  on  "Per- 
formance of  Polyphase  Induction  Motors  Under  Unbalanced  Secondary 
Conditions". 

PERFORMANCE  OF  POLYPHASE  INDUCTION  MOTORS  UNDER  UNBALANCED 

SECONDARY  CONDITIONS 
A.  A.  Gaxda  '  Vol.  xxxri — ltlT,  p.  SIM4I 

Continuous  operation  of  the  wound-rotor  induction  motor,  when  the 
intertial  resistances  in  the  secondary  phases  are  not  equal,  is  shown  to  be 
feasible.  The  effect  upon  power  factor  and  heating  is  discussed.  Curves 
showing  the  performance  of  polyphase  motors  with  single-phase  second- 
ary are  presented.  The  practical  advantages  of  using  unbalanced  second- 
ary connections  are  pointed  out. 

Discussion  (including  that  of  paper  by  R.  E.  Hellmund)  pages  349-350, 
by  Messrs.  W.  B.  Kouwenhoven,  A.  A.  Gazda,  R.  B.  Williamson,  H. 
Maxwell,  C.  Macmillan,  A.  E.  Averett,  R.  E.  Hellmund,  A.  Simon  and 
H.  D.  James. 

A  general  discussion  with  detailed  explanation  of  the  operation  of  the 
polyphase  motor  with  single-phase  secondary  at  half  speed. 

FORMS  OF  ELECTRIC  POWER  BEST  SUITED  FOR  THE  VARIOUS  LOADS 
ENCOUNTERED  IN  THE  OPERATION  OF  BITUMINOUS 
COAL  MINES 

R.  L.  KinftUnd  Vol.  xxxri— ltlT,  pp.  «4t-U4 

The  best  form  of  power  to  be  used  in  coal  mines  for  drilling,  cutting, 
hauling,  pumping,  lighting,  ventilation.  Synchronous  converters  versus 
motor-generator  sets.    Location  of  generating  plant  and  substations. 

Discussion  incorporated  with  that  of  paper  by  R.  S.  Sage  on  "A  New 
Electric  Mine  Hoist  at  Butte,  Montana". 

A  NEW  ELECTRIC  MINE  HOIST  AT  BUTTE,  MONTANA 
R.  S.  S*c*  Vol.  xxxri—  MIT,  pp.  MMTl 

A  description  of  equipment  in  connection  with  a  recent  Ilgner-Ward 
Leonard  hoist  installation  at  the  Elm  Orlu  Mining  Company,  Butte, 
Montana.  This  installation  is  one  of  the  two  largest  of  this  type  in  opera- 
tion in  this  country. 

Complete  data  on  two  sets  of  tests;  the  first  conducted  to  analyze  a 
typical  day's  run  and  the  second  to  determine  efficiency  while  hoisting 
under  known  conditions. 

Discussion  (including  that  of  paper  by  R.  L.  Kingsland),  pages  672- 
690,  by  Messrs.  A.  S.  McAllister,  R.  L.  Kingsland,  K.  A.  Pauly,  C.  A. 
Adams,  H.  H.  Clark,  E.  H.  Martindale,  R.  S.  Sage,  C.  M.  Means,  A,  B. 
Kiser,  G.  Bright,  F.  J.  Duffy,  L.  C.  Ilsley  and  J.  B.  Morrill. 

A  general  discussion. 
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COOLING  OF  OIL-IMMERSED  TRANSFORMER  WINDINGS  AFTER  SHUT-DOWN 
V.  M.  Montsinger  Vol.  xmi- MIT,  pp.  Tll-TiO 

The  1916  A.  I.  E.  E.  Rules  require  temperature  rise  of  transformer 
windings  be  observed  by  resistance  method.  This  requires  time  and 
therefore  temperature  drop.  The  author  describes  three  general  meth- 
ods of  determining  temperature  at  shut-down.  Under  "Conclusions" 
the  general  advantages  and  disadvantages  of  each  method  are  given.  In 
the  Appendix  are  developed  certain  formulas  used  in  the  paper. 

Discussion,  pages  731-734,  by  Messrs.  A.  S.  McAllister,  V.  M.  Mont- 
singer, F.  F.  Brand,  L.  F.  Blume  and  W.  C.  Smith. 

A  general  discussion. 

11.  POWER  PLANTS  AND  CENTRAL  STATIONS 

ECONOMICAL  COMBINATION  OF  WATER  POWER  AND  STEAM  PLANTS  AND 

A  CONVENIENT  METHOD  OF  SOLUTION 
H.  St  CUir  Putnam  Vol.  xxrri— ltlT,  pp.  Wl-TOt 

A  determination  of  the  respective  economic  limits  in  steam  and  water 
power  plant  developments.  Formulas  are  derived  for  determining  total 
annual  costs  of  each  type  of  plant  and  the  most  economical  combination. 
Certain  general  conclusions  are  reached  as  follows:  Practically  all  water 
power  plants  should  be  developed  beyond  minimum  power  available  and 
hence  in  combination  with  a  steam  plant.  The  economic  limit  depends 
largely  on  the  value  of  money,  fuel,  labor,  the  increasing  efficiency  of 
steam  turbines  and  the  location  of  the  enterprise. 

Discussion,  pages  709-710,  by  Messrs.  H.  R.  Summerhayes  and  H.  S. 
Putnam. 

A  general  discussion. 

ANNUAL  LOAD  RELIEF  MAP,  PEAK  LOAD  AND  LOAD  FACTOR  ANALYSIS 
Win.  Le  Roy  Robertson  Vol.  rxxvi— ltlT,  pp.  10TS-1079 

Description  of  the  annual  load  relief  map  which  is  a  device  for  visualiz- 
ing the  entire  yearly  load  of  central  stations. 

Review  of  load  characteristics,  as  exemplified  by  the  annual  load  relief 
map. 

Notes  on  daylight  saving  relative  to  the  decreasing  of  peak  load,  and 
improvement  in  load  factor. 

Analysis  of  load  factors  as  applied  to  "base"  and  "top"  loads  demon- 
strating the  large  amount  of  idle  capacity  peculiar  to  central  stations. 

Annual  load  relief  map  valuable  in  the  study  and  exemplification  of  all 
matters  having  to  do  with  central  station  loads. 

No  discussion. 

13.  TRANSMISSION  LINES 

PROTECTION  OF  TRANSFORMER  NEUTRALS  AGAINST  DESTRUCTIVE 
TRANSIENT  DISTURBANCES 
Max  BL  Collbohm  Vol.  xxxri— ltlT,  pp.  1M-1M 

The  paper  points  out  the  danger  to  which  the  neutral  point  of  trans- 
formers, connected  to  long  distance  transmission  lines,  are  exposed 
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through  the  building  up  of  excessive  potentials  at  this  point  under  condi- 
tions of  atmospheric  lightning.  This  is  due  to  the  fact  that  the  neutral 
point  in  a  bank  of  Y-connected  transformers  acts  as  a  reflection  point  for 
all  the  waves  that  are  produced  by  induced  lightning.  The  author 
recommends  the  installation  of  lightning  arresters  at  the  neutral  point  to 
provide  a  discharge  path  for  the  excess  potential,  which  according  to 
measurement  with  the  spark  gap,  may  reach  values  of  350,000  volts,  and 
higher. 

Discussion,  (including  that  of  papers  by  J.  Allen  Johnson  and  P.  B. 
Juhnke)  pages  139-152,  by  Messrs.  F.  H.  Kierstead,  H.  R.  Woodrow,  P. 
B.  Juhnke,  A.  R.  Cheyney,  L.  F.  Blume.  J.  B.  Taylor,  R.  F.  Schuchardt, 
H.  R.  Summerhayes,  C.  A.  Adams,  J.  A.  Johnson,  V.  Karapetoff,  A.  L. 
Harrington  and  M.  H.  Collbohm. 

A  general  discussion  of  the  use  of  reactors  and  expressions  of  opinion  on 
the  accuracy  of  Mr.  Collbohm's  deductions. 

RELAYS  FOR  HIGH-TENSION  UNES 
Philip  Torchio  Vol.  zzxri — 191T,  pp.  Stl-ST* 

The  author  describes  the  various  arrangements  of  relays  found  desir- 
able with  the  following  transmission  systems;  radial  feeders  not  in  paral- 
lel; radial  feeders  in  paralle';  single  lines  in  tandem;  two  or  more 
parallel  lines  in  tandem;  single-line  ring  systems;  parallel-line  ring 
systems;  tie  lines;  Appendices  A,  B,  C  describe  connections  of  reverse- 
power  relays,  relay  testing  and  a  special  installation. 

Discussion  incorporated  with  that  of  paper  by  R.  F.  Schuchardt  on 
"The  Protective  Equipment  on  the  System  of  the  Commonwealth  Edison 
Company". 

THE  PROTECTIVE  EQUIPMENT  ON  THE  SYSTEM  OF  THE  COMMONWEALTH 
EDISON  COMPANY 

R.  F.  Schuchardt  Vol.  xxxvi— ltlT,  pp.  OT-SSt 

The  paper  describes  briefly  the  system  of  the  Commonwealth  Edison 
Company  of  Chicago  with  special  reference  to  the  protective  devices 
installed  thereon. 

Discussion  (including  that  of  paper  by  Philip  Torchio)  pages  390-416, 
by  Messrs.  H.  R.  Summerhayes,  Wm.  H.  Cole,  E.  B.  Mayer,  L.  N. 
Crichton,  J.  R.  Craighead,  O.  C.  Traver,  A.  A.  Meyer.  J.  B.  Taylor,  H. 
L.  Wallau,  J.  S.  Jenks,  Philip  Torchio,  R.  F.  Schuchardt,  N.  L.  Pollard 
and  Chester  Lichtenberg. 

A  general  discussion  of  the  arrangements  described  and  various  com- 
binations of  relays  used  on  other  systems  with  special  emphasis  on  the 
split-conductor  cable. 

PROBLEMS  OF  OPERATION  AND  MAINTENANCE  OF  UNDERGROUND  CABLES 
John  L.  Harper  Vol.  mri— ItlT,  pp.  41T-4SS 

With  a  view  to  increasing  transmission  capacity  the  causes  of  failures 
of  cables. are  analyzed  and  conclusion  drawn  that  overheating  is  most 
important.  Methods  of  removal  of  heat  from  cables  are  considered  and 
recommendations  made  for  flooding  conduits  with  water. 
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through  the  building  up  of  excessive  potentials  at  this  point  under  condi- 
tions of  atmospheric  lightning.  This  is  due  to  the  fact  that  the  neutral 
point  in  a  bank  of  Y-connected  transformers  acts  as  a  reflection  point  for 
all  the  waves  that  are  produced  by  induced  lightning.  The  author 
recommends  the  installation  of  lightning  arresters  at  the  neutral  point  to 
provide  a  discharge  path  for  the  excess  potential,  which  according  to 
measurement  with  the  spark  gap,  may  reach  values  of  350.000  volts,  and 
higher. 

Discussion,  (including  that  of  papers  by  J.  Allen  Johnson  and  P.  B. 
Juhnke)  pages  139-152,  by  Messrs.  F.  H.  Kierstead,  H.  R.  Woodrow,  P. 
B.  Juhnke,  A.  R.  Cheyney,  L.  F.  Blume,  J.  B.  Taylor,  R.  F.  Schuchardt. 
H.  R.  Summerhayes,  C.  A.  Adams,  J.  A.  Johnson,  V.  Karapetoff,  A.  L. 
Harrington  and  M.  H.  Collbohm. 

A  general  discussion  of  the  use  of  reactors  and  expressions  of  opinion  on 
the  accuracy  of  Mr.  Collbohm 's  deductions. 

RELAYS  FOR  HIGH-TENSION  LINKS 
Philip  Torchio  Vol.  mri— lil7,  pp.  Stl-JTi 

The  author  describes  the  various  arrangements  of  relays  found  desir- 
able with  the  following  transmission  systems;  radial  feeders  not  in  paral- 
lel; radial  feeders  in  parallel;  single  lines  in  tandem;  two  or  more 
parallel  lines  in  tandem;  single-line  ring  systems;  parallel-line  ring 
systems;  tie  lines;  Appendices  A,  B,  C  describe  connections  of  reverse- 
power  relays,  relay  testing  and  a  special  installation. 

Discussion  incorporated  with  that  of  paper  by  R.  F.  Schuchardt  on 
"The  Protective  Equipment  on  the  System  of  the  Commonwealth  Edison 
Company". 

THE  PROTECTIVE  EQUIPMENT  ON  THE  SYSTEM  OF  THE  COMMONWEALTH 

EDISON  COMPANY 

R.  F.  Schuchardt  Vol.  xxxri— 191T,  pp.  STT-Mt 

The  paper  describes  briefly  the  system  of  the  Commonwealth  Edison 
Company  of  Chicago  with  special  reference  to  the  protective  devices 
installed  thereon. 

Discussion  (including  that  of  paper  by  Philip  Torchio)  pages  390-416, 
by  Messrs.  H.  R.  Summerhayes,  Wm.  H.  Cole,  E.  B.  Mayer,  L.  N. 
Crichton,  J.  R.  Craighead,  O.  C.  Traver,  A.  A.  Meyer,  J.  B.  Taylor,  H. 
L.  Wallau,  J.  S.  Jenks,  Philip  Torchio,  R.  F.  Schuchardt,  N.  L.  Pollard 
and  Chester  Lichtenberg. 

A  general  discussion  of  the  arrangements  described  and  various  com- 
binations of  relays  used  on  other  systems  with  special  emphasis  on  the 
split-conductor  cable. 

THE  INSULATOR  SITUATION 
W.  D.  Peailoo  Vol.  xxrri—  ItlT,  pp.  MT-MS 

This  paper  gives  a  re'sume'  of  the  insulator  situation  as  it  exists  at  the 
present  time. 

A  statement  of  the  apparent  causes  of  the  very  rapid  deterioration  of 
insulators,  even  when  stored  and  subject  to  no  electric  stress  is  given,  and 
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the  conditions  necessary  to  the  production  of  an  insulator  that  will  reduce 
this  deterioration  cost  are  discussed. 

Microphotographs  showing  the  structure  of  the  porcelain  from  several 
insulators  are  given.  Three  means  are  given  for  improving  the  insulator 
situation. 

Discussion  incorporated  with  that  of  paper  by  A.  O.  Austin  on  "Present 
Practise  in  the  Design  and  Manufacture  of  High-Tension  Insulators". 

EXPANSION  EFFECTS  AS  A  CAUSE  OF  DETERIORATION  IN  SUSPENSION  TYPE 

INSULATORS 

J.  A.  Brandif e  Vol.  mri—  WIT,  pp.  S3f-f44 

In  seeking  causes  for  the  rapid  deterioration  which  has  been  encountered 
in  suspension  type  insulators,  two  leading  hypotheses,  viz.,  porosity  and 
mechanical  cracking  through  expansion  effects,  have  been  advanced  by 
different  groups  of  investigators.  These  are  briefly  outlined  in  the  paper, 
after  which  the  author  presents  data  in  support  of  the  latter.  Some  of 
the  operating  problems  attendant  upon  insulator  deterioration  are  also 
discussed. 

Discussion  incorporated  with  that  of  paper  by  A.  O.  Austin  on  "Present 
Practise  in  the  Design  and  Manufacture  of  High-Tension  Insulators". 

PRESENT  PRACTISE  IN  THE  DESIGN  AND  MANUFACTURE  OF  HIGH-TENSION 

INSULATORS 

A.  O.  Austin  Vol.  xxxrl— lilT,  pp.  MI-MS 

Rapid  development  in  the  transmission  field  has  rendered  the  early 
insulator  obsolete.  As  causes  of  losses  have  become  evident,  means  have 
been  found  to  eliminate  them.  Study  of  operating  conditions  has  materi- 
ally changed  the  insulator  situation.  Porosity  loss  has  been  reduced  to  a 
minimum  by  improved  firing  and  closer  selection.  To  prevent  trouble  on 
old  lines  it  may  be  necessary  to  give  the  insulators  a  temperature  as  well 
as  an  electrical  test.  Trouble  on  modern  insulators  is  prevented  by  care- 
ful attention  to  temperature  gradient,  increased  mechanical  strength  and 
lowering  internal  stresses  by  an  elastic  joint. 

Discussion  (including  that  on  papers  by  W.  D.  Peaslee  and  J.  A. 
Brundige),  pages  563-595,  by  Messrs.  H.  J.  Ryan,  J.  C.  Clark,  P.  Torchio, 
E.  E.  F.  Creighton,  E.  M.  Hewlett,  P.  H.  Thomas,  J.  B.  Taylor,  C.  F. 
Harding,  J.  T.  Barron,  J.  A.  Brundige  and  A.  O.  Austin. 

A  general  discussion  of  the  insulator  situation  with  much  data  from 
practise. 

AN  EXPERIMENTAL  METHOD  OF  OBTAINING  THE  SOLUTION  OF  ELECTRO- 
STATIC PROBLEMS  WITH  NOTES  ON  HIGH-VOLTAGE  BUSHING  DESIGN 
Chester  W.  Rice  Vol.  xxxwi—  MIT,  pp.  Mf-10Sl 

The  electrodynamic  method  for  obtaining  the  solution  of  electrostatic 
and  allied  problems  is  developed  to  a  high  degree  of  accuracy  and  then 
applied  to  the  study  of  high- voltage  bushings.  An  experimental  high- 
air-efficiency  bushing  was  built  and  tested  and  also  a  series  of  small 
bushings.  An  appendix  gives  unexpurgated  mathematical  solutions  of 
two  flow  problems, 
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Discussion,  pages  1052-1072,  by  Messrs.  R.  Mershon,  C.  O.  Mailloux, 
J.  B.  Taylor,  A.  M.  Gray,  C.  L.  Fortescue,  E.  D.  Eby,  F.  W.  Peek,  Jr., 
M.  E.  Tressler,  H.  O.  Stevens,  S.  W.  Farnsworth,  S.  Haar,  B.  A.  Behrend, 
J.  B.  Morrill  and  C.  W.  Rice. 

A  general  discussion  of  the  problems  encountered  in  bushing  design. 

PHENOMENA  ACCOMPANYING  TRANSMISSION  WITH  SOME  TYPES  OF  STAR 

TRANSFORMER  CONNECTIONS — II 
Lloyd  N.  Robinson  Vol.  mrl— MIT,  pp.  1041-1111 

A  discussion  of  exceptional  phenomena  occurring  when  single-phase 
transformers  are  connected  star-star  into  a  three-phase  bank.  The 
author  offers  an  explanation  of  the  occurrence  of  odd  and  even  har- 
monics, periodically  and  permanently  reversed  leg,  auto-transformers, 
vibrations  and  noises,  etc. 

Discussion  incorporated  with  that  of  paper  by  A.  E.  Kennelly  and  P. 
L.  Alger  on  "Magnetic  Flux  Distribution  in  Annular  Steel  Laminae." 

16.  DISTRIBUTION  SYSTEMS 

FORMS  OF  ELECTRIC  POWER  BEST  SUITED  FOR  THE  VARIOUS  LOADS 
ENCOUNTERED  IN  THE  -OPERATION  OF  BITUMINOUS 
COAL  MINES 

R.  L.  Kingsland  Vol.  xxxvi — 191T,  pp.  *4»-464 

The  best  form  of  power  to  be  used  in  coal  mines  for  drilling,  cutting, 
hauling,  pumping,  lighting,  ventilation.  Synchronous  converters  versus 
motor-generator  sets.    Location  of  generating  plant  and  substations. 

Discussion  incorporated  with  that  of  paper  by  R.  S.  Sage  on  "A  New 
Electric  Mine  Hoist  at  Butte,  Montana". 

16.  CONTROL,  REGULATION  AND  SWITCHING 

REGENERATIVE  BRAKING  OF  ELECTRIC  VEHICLES 
R.  B.  HeUmond  Vol.  rxxvi— lilT,  pp.  1-M 

This  paper  discusses  the  problems  met  in  applying  regenerative  control 
to  electric  railways.  In  the  introductory  section  the  purposes,  advan- 
tages, requirements  and  disadvantages  are  pointed  out.  The  author 
describes  in  detail  the  three-phase,  the  phase-converter  and  the  direct- 
current  systems.  He  also  covers  the  alternating- current  commutator- 
motor  system  and  the  possibilities  of  regenerative  control  with  a  vapor 
converter  system. 

Discussion,  pages  57-78,  by  Messrs.  Robert  Lundell,  C.  A.  Adams,  E. 
F.  W.  Alexanderson,  A.  J.  Hall,  R.  E.  Ferris,  W.  V.  Turner,  H.  M.  Hobart, 
F.  R.  Phillips,  C.  L.  Fortescue,  K.  A.  Simon,  F.  D.  Newbury,  W.  B. 
Potter,  N.  W.  Storer  and  R.  E.  Hellmund. 

A  general  discussion  with  special  emphasis  on  d-c.  systems. 

INDUSTRIAL  CONTROLLERS— WITH  PARTICULAR   REFERENCE  TO  THE 
CONTROL  OF  DIRECT-CURRENT  SHUNT  MOTORS 
H.  D.  James  Vol.  xxxvi— lilT,  pp.  SU-STS 

Stating  former  limitations  as  to  regulation  of  starting  current  from  the 
viewpoint  of  motor,  controller  and  supply  system  have  been  largely 
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removed,  the  author  presents  a  series  of  tests  on  15  and  20  h.p.,  230- volt 
d-c.  shunt  motors,  started  from  rest.  The  motors  are  of  two  types, 
constant  and  adjustable  speed. 

From  these  tests  the  author  concludes,  in  part;  that  it  is  practical  with 
automatic  acceleration  to  use  one  switch  to  short-circuit  the  armature 
resister  used  with  motors  as  large  as  15  h.p.;  that  the  shunt  field  of  small 
adjustable-speed  motors  can  be  reduced  in  one  step  under  normal  load 
conditions  (this  practise  can  be  safely  followed  up  to  motors  of  50  h.p.); 
and  that  adjustable-speed  motors  can  use  one  step  resistance  for  dynamic 
braking. 

Discussion,  incorporated  with  that  of  paper  by  K.  L.  Hansen  on  "An- 
alysis of  Starting  Characteristics  of  Direct-Current  Motors". 

ANALYSIS  OF  STARTING  CHARACTERISTICS  OF  DIRECT-CURRENT  MOTORS 
K.  L.  Hansen  Vol.  xxxvi— 1917,  pp.  27f-199 

In  this  paper  are  derived  the  mathematical  expressions  for  the  current, 
speed,  torque  and  power  at  any  time  during  the  acceleration  period  when 
a  shunt,  series  or  compound  motor  is  connected  to  a  supply  line. 

Discussion,  (including  that  of  paper  by  H.  D.  James)  pages  300-320,  by 
Messrs.  C.  T.  Evans,  R.  Hellmund,  R.  G.  Widdows,  E.  J.  Murphy,  J.  H. 
Albrecht,  E.  H.  Martindale,  R.  H.  McLain,  A.  A.  Gazda,  J.  B.  Fisken. 
F.  W.  Gay,  A.  Gray,  J.  P.  Mallett,  H.  D.  James  and  R.  L.  Goetzenberger. 

A  general  discussion  presenting  arguments  from  actual  practise  both 
for  and  against  the  one-steo  starter.    Special  emphasis  on  flashing. 

TRANSIENT  CONDITIONS  IN  ASYNCHRONOUS  INDUCTION  MACHINES  AND 

THEIR  RELATION  TO  CONTROL  PROBLEMS 
R.  E.  Hellmand  Vol.  xxxvi— 1917,  pp.  Ml-337 

This  paper  discusses  a  number  of  transient  conditions  existing  in 
asynchronous  machines  immediately  after  certain  changes  in  the  circuit 
connections  are  made.  The  advisability  of  considering  these  conditions 
in  connection  with  the  control  layout  for  the  purpose  of  eliminating  bad 
effects  caused  thereby,  is  pointed  out.  The  principal  subjects  considered 
are  undesirable  peak  currents,  which  may  be  caused  by  the  damping 
effect  of  the  short-circuited  rotor  windings  and  the  over- voltages,  which 
are  obtained  with  certain  control  arrangements. 

Discussion  incorporated  with  that  of  paper  by  A.  A.  Gazda  on  "Per- 
formance of  Polyphase  Induction  Motors  Under  Unbalanced  Secondary 
Conditions". 

PERFORMANCE  OF  POLYPHASE  INDUCTION  MOTORS  UNDER  UNBALANCED 

SECONDARY  CONDITIONS 
A.  A.  Gazda  Vol.  xxxvi— 1917,  pp.  S39-348 

Continuous  operation  of  the  wound -rotor  induction  motor,  when  the 
internal  resistances  in  the  secondary  phases  are  not  equal,  is  shown  to  be 
feasible.  The  effect  upon  power  factor  and  heating  is  discussed.  Curves 
showing  the  performance  of  polyphase  motors  with  single-phase  second- 
ary are  presented.  The  practical  advantages  of  using  unbalanced  second- 
ary connections  are  pointed  out. 
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Discussion  (including  that  of  paper  by  R.  E.  Hellmund)  pages  349-359, 
by  Messrs.  W.  B.  Kouwenhoven.  A.  A.  Gazda,  R.  B.  Williamson.  H. 
Maxwell,  C.  Macmillan,  A.  E.  Averett,  R.  E.  Hellmund.  A.  Simon  and 
H.  D.  James. 

A  general  discussion  with  detailed  explanation  of  the  operation  of  the 
polyphase  motor  with  single- phase  secondary  at  half  speed. 

17.  TRACTION 

RE G E If SRATIYK  BRAKING  OF  ELECTRIC  VEHICLES 
R.  E.  He0mua4  *  Vol.  zxzri — ltlT,  pp.  1-M 

This  paper  discusses  the  problems  met  in  applying  regenerative  control 
to  electric  railways.  In  the  introductory  section  the  purposes,  advan- 
tages, requirements  and  disadvantages  are  pointed  out.  The  author 
describes  in  detail  the  three-phase,  the  phase-converter  and  the  direct- 
current  systems.  He  also  covers  the  alternating-current  commutatoi- 
motor  system  and  the  possibilities  of  regenerative  control  with  a  vapor 
converter  system. 

Discussion,  pages  57-78,  by  Messrs.  Robert  Lundell,  C.  A.  Adams,  E. 
P.  W.  Alexanderson,  A.  J.  Hall,  R.  E.  Ferris,  W.  V.  Turner,  H.  M.  Hobart, 
F.  R.  Phillips,  C.  L.  Fortescue,  K.  A.  Simon,  F.  D.  Newbury,  W.  B. 
Potter,  N.  W.  Storer  and  R.  E.  Hellmund. 

A  general  discussion  with  special  emphasis  on  d-c.  systems. 

20.  MISCELLANEOUS  APPLICATION  OF  ELECTRICITY 

FORMS  OF  ELECTRIC  POWER  BEST  SUITED  FOR  THE  VARIOUS  LOADS 
ENCOUNTERED  IN  THE  OPERATION  OF  BITUMINOUS 
COAL  MINES 

R.  L.  Filmland  VoL  xxxri— lilT,  pp.  «4t-«M 

The  best  form  of  power  to  be  used  in  coal  mines  for  drilling,  cutting, 
hauling,  pumping,  lighting,  ventilation.  Synchronous  converters  versus 
motor-generator  sets.    Location  of  generating  plant  and  substations. 

Discussion  incorporated  with  that  of  paper  by  R.  S.  Sage  on  "A  New 
Electric  Mine  Hoist  at  Butte,  Montana". 

22.  MISCELLANEOUS  TOPICS  AND  INSTITUTE  AFFAIRS 

REGENERATIVE  BRAKING  OF  ELECTRIC  VEHICLES 
R.  B.  Hellmund  Vol.  mri— ltlT,  pp.  1-M 

This  paper  discusses  the  problems  met  in  applying  regenerative  control 
to  electric  railways.  In  the  introductory  section  the  purposes,  advan- 
tages, requirements  and  disadvantages  are  pointed  out.  The  author 
describes  in  detail  the  three-phase,  the  phase-converter  and  the  direct- 
current  systems.  He  also  covers  the  alternating-current  commutator- 
motor  system  and  the  possibilities  of  regenerative  control  with  a  vapor 
converter  system. 

Discussion,  pages  57-78,  by  Messrs.  Robert  Lundell,  C.  A.  Adams,  E. 
F.  W.  Alexanderson,  A.  J.  Hall,  R.  E.  Ferris,  W.  V.  Turner.  H.  M.  Hobart, 
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F.  R.  Phillips,  C.  L.  Fortescue,  K.  A.  Simon,  F.  D.  Newbury,  W.  B. 
Potter,  N.  W.  Storer  and  R.  E.  Hellmund. 
A  general  discussion  with  special  emphasis  on  d  -c.  systems. 

MODERN  PHYSICS 

R.  A.  MMikan  Vol.  xmi-  1MT,  pp.  Mi-tit 

A  lecture  outline  of  the  developments  of  modern  physics. 

THE  ENGINEER'S  DESTINY 
President's  Address 

H.  W.  Buck  Vol.  xxxvi— ltl7,  pp.  MT-tOl 

ADDRESS  BY  PRESIDENT-ELECT  E.  W.  RICE,  JR. 

Vol.  xxrri— ltlT,  pp.  tOS-€OS 

TECHNICAL  COMMITTEE  REPORTS 

Vol.  xxxri— 1917,  pp.  ftO*-$4T 

ECONOMICAL  COMBINATION  OF  WATER  POWER  AND  STEAM  PLANTS  AND 

A  CONVENIENT  METHOD  OF  SOLUTION 
H.  St.  Clair  Putnam  Vol.  mri— 1917,  pp.  §91-708 

A  determination  of  the  respective  economic  limits  in  steam  and  water 
power  plant  developments.  Formulas  are  derived  for  determining  total 
annual  costs  of  each  type  of  plant  and  the  most  economical  combination. 
Certain  general  conclusions  are  reached  as  follows:  Practically  all  water 
power  plants  should  be  developed  beyond  minimum  power  available  and 
hence  in  combination  with  a  steam  plant.  The  economic  limit  depends 
largely  on  the  value  of  money,  fuel,  labor,  the  increasing  efficiency  of 
steam  turbines  and  the  location  of  the  enterprise. 

Discussion,  pages  709-710,  by  Messrs.  H.  R.  Summerhayes  and  H.  S. 
Putnam. 

A  general  discussion. 

COOLING  OF  OIL-IMMERSED  TRANSFORMER  WINDINGS  AFTER  SHUT-DOWN 
V.  M.  Montsinger  Vol.  xxxvi— 1917,  pp.  711-780 

The  1916  A.  I.  E.  E.  Rules  require  temperature  rise  of  transformer 
windings  be  observed  by  resistance  method.  This  requires  time  and 
therefore  temperature  drop.  The  author  describes  three  general  meth- 
ods of  determining  temperature  at  shut-down.  Under  "Conclusions" 
the  general  advantages  and  disadvantages  of  each  method  are  given.  In 
the  Appendix  are  developed  certain  formulas  used  in  the  paper. 

Discussion,  pages  731-734,  by  Messrs.  A.  S.  McAllister,  V.  M.  Mont- 
singer, F.  F.  Brand,  L.  F.  Blume  and  W.  C.  Smith. 

A  general  discussion. 

INDUSTRIAL  RESEARCH  AND  THE  COLLEGES 
A.  E.  Kennelly  Vol.  rxxvi— 1917,  pp.  833-889 

An  outline  of  the  proper  relationship  that  should  exist  in  the  industrial 
research  field  between  the  pure  science  college,  the  technical  college  and 
the  industries,  themselves. 

Discussion  incorporated  with  that  of  paper  by  F.  B.  Jewett  on  "Indus- 
trial Research  with  Some  Notes  Concerning  its  Scope  in  the  Bell  Tele- 
phone System." 
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INDUSTRIAL  RESEARCH  WITH  SOME  NOTES  CONCERNING  ITS  SCOPE  IN 

THE  BELL  TELEPHONE  SYSTEM 
F.  B.  Jewett  Vol.  mr*— ltlT,  pp.  Mi-Mi 

The  interrelation  of  industrial  and  "pure  science"  research  and  the 
restrictions  which  must  be  imposed  to  insure  mutual  existence.  A  brief 
outline  of  the  scope  and  progress  of  industrial  research  in  the  Bell  Tele- 
phone System. 

Discussion  (including  that  of  paper  by  A.  E.  Kennelly),  pages  856-869, 
by  Messrs.  V.  Karapetoff,  A.  M.  Gray,  E.  P.  Hyde,  L.  F.  Morehouse,  C. 
H.  Sharp,  W.  I.  Slichter,  H.  Pender,  H.  A.  Hornor,  R.  W.  Pope,  C.  F. 
Scott,  A.  E.  Kennelly  and  E.  B.  Craft. 

A  general  discussion. 

INDUSTRIAL  RESEARCH  AND  ITS  RELATION  TO  UNIVERSITY  AND  GOVERN- 
MENTAL RESEARCH 
C.  E.  Skinner  Vol.  xxxvi— lilt,  pp.  871-MS 

1.  Introduction  emphasizing  the  great  activity  in  all  branches  of 
research  at  the  present  time. 

2.  A  division  of  research  activities  into  three  principal  classes,  univer- 
sity, governmental  and  industrial. 

3.  A  statement  that  the  principal  function  of  university  research 
should  be  to  train  research  men  and  some  suggestions  as  to  the  type  of 
training  required. 

4.  A  brief  statement  of  the  function  of  governmental  research  which 
has  to  do  with  such  things  as  the  development  and  conservation  of  our 
natural  resources,  the  national  defense  and  the  promotion  of  those  things 
which  are  for  the  benefit  of  the  whole  people. 

5.  A  brief  description  of  the  Research  Division  of  the  Westinghouse 
Electric  &  Manufacturing  Company,  its  rise  and  its  relation  to  other 
departments. 

6.  A  statement  of  the  desirability  of  co-operation  among  all  agencies 
engaged  in  research. 

Discussion,  pages  883-903,  by  Messrs.  B.  A.  Behrend,  V.  Karapetoff, 
C.  E.  Skinner,  H.  Pender,  O.  Smith,  L.  W.  Chubb,  C.  A.  Adams,  W.  Mc- 
Clelian,  A.  M.  Gray,  W.  L.  R.  Emmett  and  N.  S.  Diamant. 

A  general  discussion  with  special  emphasis  on  the  research  problems 
involved  in  the  development  of  the  turbo-generator. 

ANNUAL  LOAD  RELIEF  MAP,  PEAK  LOAD  AND  LOAD  FACTOR  ANALYSIS 
Wm.  Le  Roy  Robertson  Vol.  mrl— 1MT,  pp.  10TJ-10T9 

Description  of  the  annual  load  relief  map  which  is  a  device  for  visualiz- 
ing the  entire  yearly  load  of  central  stations. 

Review  of  load  characteristics,  as  exemplified  by  the  annual  load  relief 
map. 

Notes  on  daylight  saving  relative  to  the  decreasing  of  peak  load,  and 
improvement  in  load  factor. 

Analysis  of  load  factors  as  applied  to  "base"  and  "top"  loads  demon- 
strating the  large  amount  of  idle  capacity  peculiar  to  central  stations. 

Annual  load  relief  map  valuable  in  the  study  and  exemplification  of  all 
matters  having  to  do  with  central  station  loads. 

No  discussion. 
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Air,  electric  strength   169 

Alternating  current,  60  cycles  vs.  25  cycles,  mine  service   681 

generators,  temperatures,  internal  (See  Gener- 
ators, a-c,  temperatures,  internal,  etc.) 

Arcs,  power,  their  action  1052,  1059 

Artificial  transmission  line,  design  and  construction,  Telluride 

Power  Company   789 

Asynchronous  induction  motors,  control  of,  (See  motors,  induction, 
etc.) 

Balanced  systems,  definition   363 

Braking,  regenerative,  a-c,  commutator  motors   49 

methods  of  excita- 
tion   50 

motors    as  series 

generators   50 

one      motor  as 

exciter   51 

advantages   2 

air-brake  and  generative,  joint  operation  77 

vs.  regenerative   66 

automatic  inter- 
lock   67 

booster  system,  two  motors   45 

copper  losses   69 

d-c.  system   14 

overspeed  danger   16 

separate  exciter  method   16 

disadvantages   4 

early  experiments   57 

electric  vehicles   1 

electrical  and  mechanical  stability   60 

energy  stored  in  train,  curve   74 

flashing  of  motor   20 

increased  ventilation   36 

increased  weight  of  equipment   69 

load  distribution   19 

losses  in  rheostat   11 

low  speed  possibilities   43 

main-line  locomotives  vs.  car  equipments  64 
mechanical    stability,    determination  of 

speeds  and  currents  possible   62 

motors,  adjustable  constant  speed   76 

over-speeding  precautions   8 

over-voltage  danger   24 

phase  converter  system   13 

railway  induction  motor  characteristics   10 

range  of   40 

Raworth  system   68 

requirements  for  adoption   3 

separate  exciter  method,  ampere- voltage 

diagram   27 
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Braking,  regenerative,  separate  exciter  method  (continued) 

Chicago,  Milwau- 
kee &  St.  Paul 


R.  R   41 

quick  control  de- 
vices, diagrams.  27 
size  of  exciter. ...  41 
negative  com- 
pound charac- 
teristic   33 

speed  range   13 

stabilizing  resistance   76 

sudden  current  increases,  causes   18 

three-phase  system   7 

vapor- converter  system   56 

variable  speed  vs.  constant  speed  equipment  70 

wheel  slipping,  avoidance  of   12 

Brushes,  carbon,  size,  standardization   626 

Bushings,  arc-over  temperature  effect   1060 

design,  60-cycle  arc-over  tests,  parallel  planes  with  dry 

glass  rod  between ....  949 
parallel  planes  with  glass 

disks  between   950 

parallel  planes  with  hard 
rubber  cylinder 

between   950 

parallel  planes  with  hot 

glass  rod  between ....  949 
parallel  planes  with  wet 

glass  rod  between ....  950 

air-end  characteristics,  determination   982 

arc-over  tests,  60-cycle  tests  in  oil   952 

impulse  tests  in  air   952 

arc-over  voltages,  effect  of  oil  film   938 

effect  of  water  film   938 

impulse  tests   639 

under-oil  tests   639 

barriers,  gauze,  effect   971 

effect  on  insulation  strength  grounded 

and  non-grounded  tests   975 

effect  on  solid  and  gaseous  insulation . .  971 

effect  on  strength  of  insulation   968 

varnished  cambric,  effect   973 

case  of  two  spheres  in  infinite  space,  electrostatic 

field  distribution   944 

corrugated  surface,  arc-over  voltage   937 

effect  of  cap  and  collar   931 

electrodynamic  solution,  artificial  equipotential 

surfaces,  effect  of . . .  918 
determination  of 
capacities  from  dia- 
grams  916 

diagram  of  connections  910 
mapping  equipotential 

surfaces   915 

method  of  images   912 

electrostatic  field  diagrams,  application  of   920 

distribution,  two  confocal 
hyperboloids  of  one  sheet, 

given  potential   929 

distribution,  two  confocal 
hyperboloids  of  two  sheets, 

given  potential   930 
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Bushings,  design  (continued) 

equipotential  surfaces,  artificial   906 

confocal  hyperboloids  of 

one  sheet   928 

experimental  type,  conditions  met   979 

field  diagrams,  electrodynamic  method   910 

heat-flow  problem  solution   909 

methods  of  construction   908 

distribution,  mathematical  solution   990 

high-air-efficiency,  tests  on   936 

type,  arc-over  test,  effect  of 
floor  and    walls  of 

room   943 

calculated  vs.  test  arc- 
over   945 

surface  effect   947 

overheating  due  to  conduction,  fuse  effect   978 

potential  equalizers   958 

quadric  surfaces   991 

radial  field  type   922 

characteristics   926 

ratio  of  rod  to  hole   964 

smooth  surface,  arc-over  voltage   937 

study  of  electrode  shapes   919 

supporting  dielectric,  increased  efficiency   956 

two  and  three  dimensional  problems   907 

under-oil  end   924 

characteristics,  determination.  ...  981 

uniform  field  type   922 

artificial  equipotential  surfaces  *  965 
artificial  equipotential  surfaces, 

calculated  arc-over   966 

artificial  equipotential  surfaces, 

sixty-cycle  dry  arc-over . .  .  967 

high-voltage,  design   905 

Cables,  high-tension,  electrolytic  failures   518 

insulation  characteristics   447 

after  5  years  service  470 
capacity  vs.  temper- 
ature   478 

compound  tests ....  449 
cross-section  distor- 
tion   507 

deterioration  due  to 

testing   515 

dielectric   loss  vs. 

frequency   501 

effective  resistivity 

..459,  463 

effect  of  bending . . .  460 

expansion  effects . . .  522 

fluid  compounds .  . .  524 

heat  cycles   458 

hydrocarbon  base 

permittivity   451 

internal  ionization.  485 

joint  capacity   495 

operation  troubles. .  470 

paper  insulated ....  449 

power  factor  457,  463 

process  of  joint 

cooling   510 
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Cables,  high-tension,  insulation  characteristics  (continued) 

reflecting  dynamo- 
meter test   520 

round  vs.  sector 

type   519 

single-conductor . . .  452 
single-conductor 

calculations   490 

solid-filled  vs.  oil- 
filled  joints   506 

temperature  rating  498 

test  methods   448 

tests  on  compound .  478 

three-conductor   464 

three-conductor  cal- 
culations   492 

varnished  cambric 
and  rubber  insu- 
lated  479 

voltage  gradient .  . .  480 

water-cooling   509 

watts  per  foot.  .  .456,  465 

joints,  fundamental   423 

specifications   424 

life   517 

underground,  dielectric  losses,  cable  materi- 
als, effect.  435 
calculation  of  439 
critical  point  438 
heat  dissipa- 
ting curve.  437 
influence. ...  431 
i  n  s  u  1  a  t  i  on 

thickness . .  434 
potheads. .  . .  433 
soil  temper- 
ature vs. 
cable  rating  444 
temperat  ure 
measure- 
ments  432 

vs.  OR  losses  436 

mines,  suspension  in  bore  holes  674,  684 

split -conductor  type   393 

objections  394,  412 

underground,  abrasion  troubles   420 

carrying  capacity,  temperature  factor   421 

water-cooling   422 

failure,  causes   418 

filling  compounds   419 

joint  troubles   418 

operation  and  maintenance   417 

overheating  troubles   420 

Technical  Committee  Report   610 

Circuits,  oscillating  current,  generalized  angular  velocities  method  207 
Coal  mining,  power,  electric  (See  Power,  electric,  coal  mines,  etc.) 

Commonwealth  Edison,  relay  protection,  generators   382 

system   377 

diagram   379 

maximum  loads.  381 

tie  lines   383 

short-circuit,  effect  of  reactors,  (See  React-  | 
tors,  turbo-generator  systems,  etc.) 
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Condenser  terminals,  design  1058 

value  of  hat   1064 

Condensers,  plate,  capacity  equation     918 

resistance,  between  plates,  equation   918 

Controllers,  industrial,  d-c.  motors   253 

acceleration  period  length   270 

dynamic  braking   268 

flash-over   /  271 

one-step  start,  motor  size  range  270 

shunt,  analysis  tests   254 

apparatus  .  255 
diagram  of 
con  n  e  c  - 

tions   256 

starting  current  curves 

256,  257,  258 

transfer  relay   267 

v  bra  ting  relay   264 

disadvantages. . .  266 

Core  loss,  generators,  a-c,  frequency  density  product   101 

factor   98 

variable  factors   99 

Corona,  definition   153 

formation  in  air.  (See  Electric  strength,  air) 
rectification,difference  between  air  and  hydrogen,  charac- 
teristic curves   163 

in-hydrogen   153 

appeaVance   165 

characteristic  curves  160,  161 

corona  tube   156 

diagram  of  connections,  a-c   155 

d-c   154 

negative  characteristic  curves  162 

Peek's  law  applied   159 

preparation  of  hydrogen   156 

variation  with  pressure,  curves  1 58 

Cost,  steam  power,  curves   694 

Curvilinear  co-ordinates  '.   991 

Dielectric  losses,  cables,  high-tension,  underground   431 

Direct  curent,  high  voltage,  method  of  production,  corona  forma- 
tion tests   199 

Dynamometer,  reflecting  type   520 

Economics  of  electric  service,  annual  report  of  committee   620 

Educational  committee,  annual  report   640 

Electric  power,  coal  mines.  (See  Power,  electric,  coal  mines,  etc.) 

strength,  air   169 

corona  formation,  accuracy  of  observations.  183 

continuous  voltages   172 

critical  intensity,  effect  of 

resonance,  curve   178 

diagram  of  connections. . . .  171 
effect  of  concentric  tubes . .  196 
effect  of  surface  irregulari- 
ties   203 

experiments  with  kenotron.  174 
high-voltage,  direct-current, 

production  of   199 

increased  pressure   204 

method' of  observation.  .  .  .  182 

negative   187 

Peek's  formula   169 

positive   186 

sizes  of  wire  used   176 
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Electric  strength,  air.  corona  formation  t continued) 

surface  intensity  vs.  wire 

diameter   184 

surface  intensity  vs.  wire 
diameter,  alternating 

current   1SS 

surface  intensity  vs.  wire 
diameter,  positive  cur- 
rent  189 

theory   192 

visual  corona,  time  lag   202 

vs.  electroscope  discharge   181 

vehicles,  braking,  regenerative.  (See  Braking,  regenerative, 
etc. ) 

Electrochemistry,  annual  report  of  committee   646 

Electrometallurgy,  annual  report  of  committee   646 

Electrophysics,  annual  report  of  committee   615 

Electrostatics  field  distribution,  switch  electrodes  various  spacings  104 1 

vacuum  tube  design   1041 

problems,  solution  of,  experimental  method   905 

Elm  Orlu  Mining  Co.,  hoist  installation   655 

Feeders,  radial,  definition   362 

Flux  distribution,  magnetic,  annular  steel  lamina?   1113 

a-c.  tests   1116 

belt  fluxes  ratios  1152 
density,  distor- 

.                        tion   1123 

eddy  currents. . .  1147 

edge  effect   1114 

hysteresis  loss. . .  1 152 

radial  variation.  1126 

reluctivity   1148 

saturation  curves  1125 
variation  with 

density   1117 

width  -radius 

ratio   1128 

slot,  photographic  method  of  determination . . .  1055 

Generator,  induction,  water-wheel  drive,  automatic  operation  709 

Generators,  a-c,  core  loss,  frequency  factor   98 

temperatures,  internal   79 

air-gap  cross  section   97 

air  velocities   96 

air- velocity  factor   83 

calculated  and  test  values, 

tabulated   81 

core-length  effect   88 

current  density  effect   91 

detecting  coils,  use   96 

effect  of  end  windings. ...  92 

effect  of  frequency   87 

insulation  effect   90 

method  of  calculation.  ...  82 

range  of  tests   80 

relation  to  surface  tem- 
peratures   93 

rise  across  laminations.  .  .  85 

,                    section  used  for  calculation  80 

short  core  vs.  long  core ...  84 

surface  dissipation  curve. .  85 
tooth  and  core  densities 

effect   92 

value  of  predetermination.  95 

protection   367 
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High-tension  line  relays.  (See  Relays,  high-tension  lines) 

Hoist,  electric,  mine,  control   662 

duty   656 

cycles,  calculated   657 

efficiencies,  calculated   658 

Elm  Orlu  Mining  Co   655 

flywheel  energy   663 

load  diagram   666 

motor  description   660 

slip-regulator   664 

tests   665 

Hydroelectric,  combination  with  steam  (See  Power,  water,  com- 
bination steam,  etc.). 
stations,  reactors,  use.    (See  Reactors,  use,  hydro- 
electric, etc.) 

vs.  steam,  addition  to  plant  problem   698 

new  construction  problem   698 

Induction  generator,  water-wheel  drive,  automatic  operation ....  709 
motors,  asynchronous,  control  of  (See  Motors,  induction, 
etc.) 

polyphase,  unbalanced  secondary  (See  Motors, 
induction,  polyphase,  etc.) 

Industrial  and  domestic  power,  annual  report  of  committee   625 

controllers,  motors,  d-c,  (See  Controllers,  industrial, 
etc.) 

research  and  the  colleges   833 

scope,  BelU  Telephone  system   841 

Insulation,  characteristics,  cables,  high  tension   447 

Insulators,  high-tension,  depreciation  vs.  time,  curve   548 

design  and  manufacture,  present  practise  545 

cracking  547,  549 

deterioration,  5-part  unit  tests   566 

absorption   555 

cement  joints,  elasticity. . .  551 

cement,  volume  changes. . .  530 
cracking,  temperature 

factors   563 

electrical  stresses   538 

factors   529 

firing   557 

zones   593 

mechanical  stresses   538 

puncture  tests   587 

spark-over  test,  duration . .  573 

temperature  gradient   550 

tests   559 

megger  range   577 

Sierra    &  San  Fran- 
cisco Power  Co ... .  566 

vitrification   556 

failures  in  storage  .V  .  . .  528 

quartz   532 

requirements  527,  531 

situation   527 

suspension,  conditions  inside  cap   536 

deterioration,  cracking   -541 

kiln  firing   539 

operating 

problem ....  542 

rate   540 

expansion  effects   535 

Technical  Committee  report   609 
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Iron  and  Steel  Committee,  annual  report   637 

Joints  cable,  bi^h-tension   423 

Kenotron,  description  of   175 

Laplace's  equation,  normal  oblate  spheroidal  co-ordinates   1006 

Lightning  and  illumination,  annual  report  of  committee   617 

Load,  annual,  base  and  top  loads,  load  factors   1077 

relief  map   1073 

base  and  top  loads   1076 

day  load   1073 

davlight  saving   1074 

night  load   1074 

factor  analysis   1073 

peak   1073 

Magnetic  flux  distribution,  steel  laminae,  annular  (See  Flux  dis- 
tribution, magnetic,  etc.) 

Marine  committee,  annual  report   632 

Mine  hoist.  Elm  Orlu  Mining  Co   655 

Mines,  use  of  electricity  in,  annual  report  of  committee   634 

Modern  physics   235 

Motor-generator,  mine  service,  advantages   677 

Motors,  commutators,  undercutting,  mine  service   675 

d-c.,  controllers,  industrial  (See  Controllers,  industrial, 
etc.) 

starting  characteristics,  analysis   275 

constant  torque   283 

controller  size  factor   317 

counter  e.m.f.  of  rotation, 

equation    277 

flashing,  compound  motor . .  303 

shunt  motor   301 

one  step  control,  successful 

installations   309 

self  and  mutual  induction, 

effect   292 

speed  formula   275 

time-element  relays   312 

torque,  equation   278 

varying  counter  torque   284 

vi,  a-c.,  mine  service   679 

induction,  asynchronous,  control   321 

closed    secondary  and 
partial   field,  current 

peaks   327 

closed    secondary  and 
zero     field,  current 

peaks   325 

closed   secondary  over- 
voltages   331 

open  secondary,  current 

peaks   328 

open    secondary,  over- 
voltages    330 

over-synchronous 

speeds   335 

short-circuited  rotor, 
effect  on  voltage  and 

flux   323 

polyphase,  unbalanced  secondary   339 

cascade  con- 
nection   351 

current  cal- 
culation . . .  359 
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Motors,  induction,  polyphase,  unbalanced  secondary  (continued) 

half-speed. 

running.  .347,  349 
heating  ef- 
fects  343 

oil-switch  vs. 

air  switch..  358 

one  phase 
open  tor- 
que and 
current 

curves   345 

operation  of  40- 
h.p.  3  phase 
type....  344,  345 

sequence  of 

switches.  34Q 

single-ph  a  s  e 
primary 
and  sec- 
ondary   350 

single  phase 

secondary..  341 

torque  char- 
acteristics .  346 

vector  dia- 
gram   353 

worst  condi- 
tions  355 

totally  inclosed,  mine  service   680 

Normal  oblate  spheroidal  co-ordinates   1001 

Oscillating  current  circuits,  generalized  angular  velocities  method  207 

generalized  angular  velocities  method, 

amplitudes  of  oscillation   210 

generalized  angular  velocities  method, 
frequencies  and  decrements  of  oscil- 
lation  208 

generalized  angular  velocities  method, 

grounded  transmission  line  current. .  218 
generalized  angular  velocities  method, 

inductively  coupled  circuits   223 

generalized  angular  velocities  method, 

leaky  condenser  discharge   216 

generalized  angular  velocities  method, 

solution   211 

generalized  angular  velocities  method, 

three-section  cable   217 

Peek's  formula,  corona  formation  in  air   169 

Physic's,  modern   235 

Polyphase  induction  motors,  unbalanced  secondary  (See  Motors, 
induction,  polyphase,  etc.) 

Potential,  any  point  in  space,  mathematical  calculation   1028 

distribution,  along  x-axis   1031 

gradient,  along  x-axis   1035 

any  point  in  space   1032 

Power,  electric,  coal  mines   649 

converters  vs.  motor  generators   652 

cutters   651 

ventilating  equipment   653 

voltage   660 

stations,  annual  report  of  committee   643 

steam,  cost,  annual   694 

water,  by-product  plants  *   706 
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Power,  water  {continued) 

combination  with  steam,  increased  apparatus  effi- 
ciency   692 

solution,  method   691 

duration  of  flow,  curve   693 

efficiency,  financial   706 

load  factor   705 

Mississippi  River  development,  -power-house,  cross 

section   704 

most  economical  development   700 

power  house  design  factor   703 

reserve  steam  umts   705 

steam  auxiliary  problem   699 

combination  most,  economical   701 

President-Elect  E.  W.  Rice,  Jr.,  Address   603 

President's  Address  (The  Engineer's  Destiny)   597 

Protection,  hydroelectric  stations,  reactors.     (See  Reactors,  use, 
hydroelectric,  etc.) 
turbo-generator   systems,   reactors.    (See  Reactors, 
turbo-generator  systems,  etc.) 

Protective  devices,  annual  report  of  committee   622 

Quadric  surfaces   991 

confocal   997 

Rating,  cables,  high-tension,  underground   431 

Reactors,  bus,  power  transfer,  use  of  selector  switches   109 

protective  effect,  curves   106 

feeder,  isolation  effect,  curves   107 

momentary  and  sustained  curves  108 

synchronous  stability   109 

formula,  derivation  112, 113 

turbo-generator  systems,  Commonwealth   Edison  Co. 

analysis  of  trouble  events . .  127 
Commonwealth   Edison  Co. 
behavior  of  substations  dur- 
ing trouble   133 

Commonwealth  Edison  Co. 
beneficial   effect  during 

trouble,  diagram . .   130 

Commonwealth  Edison  Co. 
current  duration  during 

trouble   146 

Commonwealth   Edison  Co. 

description  of  system   128 

Commonwealth   Edison  Co. 

events  during  trouble   125 

Commonwealth  Edison  Co. 
probable  current  value  dur- 
ing trouble     131 

Commonwealth  Edison  Co. 
short-circuit  current,  syn- 
chronous apparatus   132 

short-circuit  conditions   125 

use,  hydroelectric  stations   105 

effect  of  gate  closing   118 

feeder  type,  disadvantages ....  145 
hunting  oscillation,  period  of.  117 

per  cent  bus  reactance   139 

power  surges,  curves   119 

protective  effect  vs.  stability.  116 
sudden  load  loss,  period  of 

oscillation,  formula   115 

sudden  load  loss,  phase  dis- 
placement  114 
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Rectification  of  corona,  hydrogen  '   153 

Regenerative  braking,  electric  vehicles  (See  Braking,  regenerative, 
etc.) 

Relays,  grounding   368 

high-tension  lines   361 

biased  or  differential  type   392 

Cleveland  system   408 

Commonwealth  Edison  system   377 

Commonwealth  Edison  system,  current- 
time  curves   387 

Commonwealth  Edison  system,  frequency 

^changers   385 

Commonwealth  Edison  system,  setting  of 

relays....   385 

Commonwealth    Edison    system,  sub- 
stations   389 

Commonwealth  Edison  system,  synchro- 
nous converters   384 

Commonwealth   Edison   system,  time- 
limit  settings   391 

Commonwealth  Edison  system,  trans- 
formers  385 

Detroit  Edison  system   407 

feeders  in  parallel   363 

feeders  not  in  parallel   362 

generator  protection   367 

grounding  relays   368 

fines  in  tandem   364 

New  York  Edison  practise,  diagram ....  374 

protection   362 

Public  Service  Electric  Co.  system  of 

N.  J   414 

reverse-power  type  369,  395 

action   397 

method  of  applying . .  396 

ring  system,  parallel  lines   366 

single  lines   365 

testing   371 

tie  lines   367 

transformer  protection   367 

West  Penn  Power  Co.  system   409 

reverse  power  363,  369 

time-delay  characteristics   415 

Research,  correlation  of  efforts,  various  sciences   859 

governmental,  relation  to  industrial   871 

industrial,  and  the  colleges   833 

future  outlook   881 

patent  rights,  effect  of   876 

possible  college  assistance   836 

relation  to  governmental  research   871 

scope,  Bell  Telephone  system   841 

vs.  pure  scientific,  distinction   845 

salary  question   848 

younger  industries  and  the  college  labora- 
tory  837 

library,  elimination  of  useless  material   857 

Ring  systems,  definition   362 

relay  protection   365 

Split-conductor  cables  (See  Cables,  etc.) 

Starting  characteristics,  d-c.  motors,  analysis  (See  Motors,  d-c.,etc) 
Steel  laminae,  annular,  flux  distribution,  magnetic  (See  Flux  distri- 
bution, magnetic,  etc.) 

Stresses,  revolving  disks. :   885 
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Substations,  location,  mine  service   682 

Switch  electrodes,  various  spacings,  electrostatic  field  distribution  1041 

Tandem  lines,  definition   362 

Technical  Committee  Reports  (See  committee  subjects) 

Telegraphy  and  telephony,  annual  report  of  committee   629 

TeUuride  Power  Co.,  transmission  line,  artificial,  design  and  con- 
struction   789 

Temperature,  "die-away"  curve,  formula   714 

measurement,  transformer  windings   711 

resistance  meth- 
od  712 

Temperatures,  internal,  a-c.  generators.  (See  Generators,  a-c., 
temperatures,  internal,  etc.) 

Tie  lines,  definition   362 

Traction  and  transportation,  annual  report  of  committee   612 

Transformer,  phenomena,  even  harmonics   1094 

auto-transformers   1107 

periodically  reversing  leg   1097 

hysteresis 

loop   1101 

tests   1103 

permanently  reversed  leg   1103 

pulsating  neutral   1105 

reversing  leg,  causes   1104 

sixth  harmonic   1107 

star-delta  banks   1091 

star-star  banks,  4- wire  primary   1091 

grounded  neutral  line 

side  only   1093 

isolated  neutral   1092 

protection   367 

windings,  disks,  oil-immersed,  cooling   723 

oil  immersed,  cooling  after  shutdown   711 

initial  rate  of  cooling   714 

rate  of  cooling,  "correcting 

back"  formula   721 

rate  of  cooling,  thickness  of 

insulation   720 

rate  of  cooling  vs.  thermal 

capacity   718 

surface  and  insulation  tem- 
perature drops   716 

temperature  rise  curves. ...  717 
thermal  resistivity  of  insula- 
tion  718 

thickness  of  oil  film   718 

rectangular,  oil-immersed,  cooling   724 

Transformers,  air-blast,  cooling   725 

current,  operation  with  relays   400 

distributing,  cooling   725 

protection  of  neutral,  42,000- volt  arrester   136 

transient  disturbances   135 

transient  disturbances,  effect 

of  line  length   137 

star  connected,  transmission  phenomena  (See  Trans- 
mission, phenomena,  etc.) 

three-phase  banks,  triple  harmonics   1089 

Transient  conditions,  effect  on  induction  motor  control.  (See 
Motors,  induction,  etc.) 
disturbances,    transformer   neutral    protection.  (See 
Transformers,  protection  of  neutral,  etc.) 

Transmission  and  distribution,  annual  report  of  committee   609 

line,  artificial,  advantages   790 
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Transmission  lin        ificial  {continued) 

assembly*   802 

construction  of  condensers   800 

design  and  construction,  Telluride 

Power  Co   789 

distributed  inductance  and  capacity. .  793 

electromagnetic  coupling  of  phases. . .  794 

electrostatic  coupling  of  phases   797 

generators   803 

leakage  currents   794 

load   803 

potential  above  ground,  formula   799 

resistance  of  line  conductors   801 

switchboard   804 

Telluride  Power  Co.  layout  of  system  791 

tests,  description   805 

normal  condition   812 

one    wire    grounded,  neutral 

grounded   820 

one  wire  grounded,  neutral  un- 
grounded  818 

oscillograms  taken   808 

short-circuit  and  ground,  con- 
nections  806 

three- wire  short  circuit   814 

two-wire      ground,  neutral 

grounded   821 

two- wire  short  circuit   817 

transformers   802 

design   735 

capacity,  formula,  derivation   824 

critical  catenary  ^  .  761 

ice  and  wind  loading   751 

minimum  tempera- 
ture catenary 

equations   752 

minimum  to  freez- 
ing temperature, 

catenary  equation  755 
minimum  to  maximum  temperature,  no 

ice  or  wind   758 

span  between  points  of  equal  elevation . .  735 

temperature  effects   748 

tower  cost  factors   779 

spacing   779 

flexible  cable,  forces  acting,  two  points  of  sus- 
pension   735 

Telluride  Power  Co.  types  of  construction   792 

phenomena,  even  harmonics   1094 

star  transformer  connections   1081 

harmon  i  c  s 
of  magnet- 
ization . . .  1083 

star-delta  transformer  banks   1091 

star-star    transformer   banks,  4-wire 

primary   1091 

star-star  transformer  banks,  grounded 

neutral,  line  side  only   1093 

star-star  transformer  banks,  isolated 

neutral   1092 

three-phase  transformer  banks,  triple 

harmonics   10 
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Turbogenerator,  development,  history   883 

systems,    reactoss  on,  short-circuit  conditions. 
(See  Reactors,  turbo-generator  systems,  etc.) 

Turbo-generators,  ventilation   883 

Underground  cables,  operation.  (See  Cables,  underground,  etc.) 

Use  of  electricity  in  mines,  annual  report  of  committee   634 

Vacuum  tube  design,  electrostatic  field  distribution   1041 

Velocities,  angular,  generalized,  oscillating  current  circuits   207 

Ventilation,  mines   676 

Voltage,  safe,  mine  use  672,  685 

Water  power,  combination  with  steam,  solution,  method   691 
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